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SECTION  1 


PURPOSE 


The  purpose  of  these  investigations  is  to  perform  research  on  the  basic 
components  of  an  electrolyte- soluble  carbonaceous  fuel  -  air  fuel  cell.  The  major 
emphasis  of  the  program  is  on  the  simultaneous  development  of  all  components  in 
order  to  optimize  the  performance  of  the  entire  cell  and  to  take  into  account  inter¬ 
actions  between  components. 

This  work  is  aimed  toward  the  development  of  a  practical  fuel  cell  using 
a  partially  oxidized  hydrocarbon  as  the  fuel  and  air  as  the  oxidant.  The  fuel  must 
be  capable  of  reacting  completely  to  C02>  be  reasonably  available,  and  pose  no  un¬ 
usual  corrosion,  toxicity,  or  handling  problems.  In  addition  the  cell  must  use  a 
CO2  rejecting  electrolyte  and  operate  at  temperatures  and  pressures  below  1S2'’C  and 
5  atm.  Other  objectives  Include  high  electrical  output  per  unit  weight  and  volume, 
high  efficiency,  long  life,  high  reliability,  reasonable  cost,  and  ruggedness. 

The  program  is  divided  into  three  parts.  These  are  referred  to  as  Tasks 
A,  B,  and  C  in  this  report.  Tasks  A  and  B  are,  respectively,  the  development  of 
Improved  fuel  electrodes,  and  the  development  of  practical  air  electrodes.  Task  C 
Includes  work  carried  out  on  establishing  the  basic  cell  design,  especially  with 
regard  to  the  operation  of  all  components  In  a  single  cell. 
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SECTION  2 


ABSTRACT 


Research  on  Che  soluble  carbonaceous  fuel-  air  fuel  cell  has  continued 
to  concentrate  on  Improving  Che  performance  of  Individual  cell  components  and  on 
translating  these  results  Into  compatible  electrode-electrolyte  systems.  These 
efforts  encompass  work  carried  out  in  three  areas,  namely  the  development  of  Che 
fuel  electrode,  Che  development  of  the  air  electrode,  and  their  combination  Into 
a  total  cell. 

2.1  Task  A,  Fuel  Electrode 

A  number  of  catalysts  were  prepared  by  the  simultaneous  reduction  of 
noble  and  base  metals  with  NaBH^.  The  Tafel  slopes  and  exchange  currents  of  Ft 
containing  catalysts  varied  widely  but  their  activities  at  practical  current  den¬ 
sities  usually  fell  within  a  narrow  range  due  to  a  compensating  effect  of  the 
kinetic  parameters.  However,  this  compensating  effect  was  not  general  since  co¬ 
catalysts  based  on  other  noble  metals  did  not  always  behave  In  a  similar  fashion. 
These  changes  In  catalyst  performance  are  due  Co  alloy  formation  and  the  NaBH4 
reduction  represents  a  convenient  process  for  the  preparation  of  a  wide  variety 
of  alloys. 


A  new  P-type  catalyst  was  tested  with  CH3OH  and  found  to  lower  the 
polarization  at  practical  current  densities  about  ISO  mv  from  Chat  obtained  with 
PC.  This  represents  the  most  active  catalyst  yet  prepared.  Studies  were  also 
continued  on  the  Pt-Mo  catalyst,  previously  shown  Co  exhibit  significantly  lower 
polarizations  at  about  1  ma/cm^  with  CH3OH.  Large  Increases  In  current  density 
at  low  polarizations  could  not  be  obtained  with  this  system.  However,  using  Mo 
In  solution  resulted  in  current  densities  In  excess  of  200  ma/cm2  at  low  polariza¬ 
tion  when  HCHO  was  employed,  showing  Chat  this  system  could  possibly  have  some 
practical  significance.  Mechanism  studies  Indicated  that  the  reaction  involved 
a  surface  redox  couple. 


2.2  Task  B.  Air  Electrode 

The  electrochemical  performance  of  the  HNO3  redox  couple  has  proven 
satisfactory.  Therefore,  research  efforts  have  concentrated  on  Improving  the  chemical 
regeneration  of  HNO3  and  applying  the  results  In  a  practical  cell  configuration. 

Regeneration  efficiencies  of  14  coulombs/ coulomb  equivalent  to  HNO3 
consumed  have  been  achieved  in  laboratory  studies  with  air  through  the  use  of 
foaming  surfactants.  This  efficiency  was  extended  to  25  regenerations  through 
the  addition  of  a  small  amount  of  high  surface  area  silica  powder  to  the  foam. 

Of  the  surfactants  tested,  sodium  nonyl  oxidibenzene  dlsulfonate  has  exhibited 
the  best  chemical  stability,  90  hours  under  load. 

Engineering  studies  have  been  initiated  in  a  compact  cell  with  an 
external  regeneration  chamber.  Limitations  of  hold  up  and  hydrolysis  In  this 
chamber  were  overcome  by  Increasing  HNO3  recycle  to  the  cell  and  use  of  saturated 
packings. 


The  regeneration  efficiency  with  air  was  further  Increaeed  to  the  values 
obtainable  In  the  laboratory  by  using  dense  foam  and  cooling  of  the  external 
chamber.  Furthermoret  regeneration  efficiency  in  the  dense  foam  was  not  sensitive 
to  air  flow  rate  at  velocities  equivalent  to  1-2  times  the  stoichiometric  require¬ 
ment. 

2.3  Task  Ci  The  Total  Cell 

A  new  compact  cell  was  built  designed  to  permit  the  convenient  testing  of 
both  Individual  components  and  total  cell  operation,  and  to  avoid  contaminants 
Introduced  by  materials  of  construction.  Preliminary  tests  In  the  cell  of  a 
platinized  Pt  fuel  electrode  showed  the  Importance  of' careful  control  of  the  fuel 
feed  rate,  firm  packaging  of  the  electrodes,  and  proper  current  collection. 

Suitable  modifications  were  made  In  this  test  cell  to  Improve  these 
factors  and  a  long  term  fuel  electrode  performance  test  begun.  The  cell  was  run 
at  a  current  density  of  50  ma/cm^  In  30  wt%H2S04  and  1  vol  %  CH3OH.  The  same 
H2SO4  was  recycled  through  the  cell  with  continuous  addition  of  CH3OH  and  H2O. 

After  more  than  800  hours  of  operation,  the  polarization  was  only  slightly  Increased. 
However,  periodic  open  circuiting  for  several  seconds  was  required.  Material 
balances  during  this  run  confirmed  the  complete  conversion  of  CH3OH  to  CO2.  The 
loss  of  CH3(K1  In  Che  CO2  exhaust  amounted  to  3%  of  the  amount  reacted  electro- 
chemlcally.  Furthermore,  the  diffusion  of  CH3OH  beyond  the  80  mesh  electrode 
was  found  to  be  negligible  during  cell  operation  with  the  1  vol  %  fuel  concentra¬ 
tion. 


Preliminary  tests  of  total  cell  operation  were  made  using  the  CH3OH  fuel 
electrode  and  an  HNO3  redox  air  electrode.  Current  densities  as  high  as  95  ma/cm^ 
and  power  densities  of  up  to  15  mw/cm^  were  obtained  at  the  terminals.  The  power 
output  was  somewhat  lower  Chan  predicted  due  to  higher  than  desired  membrane 
resistance  and  lower  than  normal  fuel  electrode  activity.  However,  these  tests 
show  Chat  the  cell  components  can  be  combined  In  a  compact  total  cell  without 
severe  losses  due  to  Interaction  effects. 

Additional  evaluation  of  the  effect  of  H2SO4  concentration  on  total  cell 
voltage  showed  that  the  optimum  is  at  about  30  wt  %.  Furthermore,  a  broad  plateau 
exists  In  which  cell  voltage  does  not  vary  by  more  than  20  mv.  Therefore,  30  wt  % 
H2SQ4  will  continue  Co  be  the  standard  electrolyte  concentration. 
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December  13(  1962  -  Esso  Research  Cenceri  Linden,  New  Jersey 


Organizations  Represented:  Esso  Research  and  Engineering  Company 

United  States  Army  Electronics  Research 
and  Development  Laboratory 

The  purpose  of  the  meeting  was  to  brief  Dr.  H.  Hunger,  project  engineer 
for  the  U.S.  Army  Electronics  Research  and  Development  Agency,  on  our  progress  in 
all  aspects  of  the  program. 


3.3  Reports 

This  report  Is  written  in  conformance  with  the  detailed  reporting  require¬ 
ments  as  presented  in  the  Signal  Corps  Technical  Requirement  on  Technical 
(SCL-2101N,  lA  July  1961)  under  the  terms  of  our  contract;  these  requirements  oitrer 
from  the  usual  requirements  for  reports  Issued  within  Esso  Research  and  Engineering 
Company. 
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SECTION  4 


FACTOAL  DATA 


4.1  Task  Ai  Fuel  Electrode 

Since  a  soluble  carbonaceous  fuel  requires  an  acid  electrolyte  to  permit 
rejection  of  C02(  the  catalyst  must  be  stable  In  this  medium.  Although  several 
noble  metals  meet  this  requirement,  they  do  not  have  sufficient  catalytic  activity. 
Therefore,  studies  of  the  fuel  electrode  have  concentrated  on  developing  catalysts 
containing  noble  metals  to  impart  acid  stability,  and  second  components  to  enhance 
their  activity.  Work  has  centered  on  the  preparation  and  testing  of  these 
catalysts,  studying  their  mechanism,  and  determining  their  physical  and  chemical 
properties. 


Phase  1  -  Catalyst  Performance  Studies 

and  New  Preparative  Techniques 

Earlier  work  has  shown  that  the  addition  of  various  metals  to  Pt  often 
produces  catalysts  whose  kinetic  parameters  differ  widely  from  pure  Pt  but  whose 
activities  remain  approximately  constant  (1).  To  improve  upon  this  relatively 
constant  activity  and  to  better  understand  its  cause,  a  variety  of  catalysts  were 
prepared  containing  Pt  or  another  noble  metal  as  one  component  with  one  or  more 
noble  or  base  metals  added.  These  catalysts  were  made  primarily  by  the  NaBH4 
reduction  technique  (1),  although  other  methods  and  reducing  agents  were  also 
tested. 

Part  a  -  Performance  of  Binary  Pt 
NaBHA  Reduced  Catalysts 

A  number  of  binary  Pt  catalyst  systems  were  prepared  by  the  NaBH^  reduc* 
tlon  of  mixed  salt  solutions.  Various  base  metals  such  as  Cu,  Nl,  Co,  Pb,  V,  W  or 
Mn  added  to  Pt  were  tested,  generally  at  only  a  single  composition.  All  perform¬ 
ance  tests  were  run  in  3.7  M  H2SO4  and  1  M  CH3OH  at  60*C  using  pressed  electrodes 
described  in  Appendix  A-l.  Experimental  measurements  were  made  using  equipment 
previously  detailed  (1). 

As  in  previous  work  with  electrodeposited  catalysts,  it  was  found  that 
the  addition  of  most  metals  to  Pt  increased  its  Tafel  slope  and  exchange  current. 

As  before  however,  these  two  effects  compensate  in  such  a  way  that  catalyst 
activity,  as  measured  by  polarization^at  a  given  practical  current  density,  remains 
essentially  the  same. 

Thus,  although  Pt-Fe  has  an  exchange  current  of  3  x  10" ^  ma/cm^  compared 
to  3  X  10"i^  ma/cm^  for  Pt,  its  Tafel  slope  is  increased  from  0.049  for  Pt  to  0.087. 
The  net  result  is  that  at  a  current  density  of  10  ma/cm2,  Pt-Fe  and  Pt  are  both 
polarized  0.56  volts  from  the  theoretical  CH3OH  open  circuit  potential.  All  other 
Pt-cometal  catalysts  exhibited  similar  behavior,  as  shown  in  Table  A-1. 


*  Polarization,  unless  otherwise  noted,  is  defined  here  and  elsewhere  as  the 
difference  between  observed  voltage  and  the  voltage  of  a  reversible  electrode 
operating  with  the  same  reactant,  temperature,  pressure,  and  electrolyte.  It  is 
not  che  difference  between  observed  and  open  circuit  or  standard  reference 
electrode  voltages. 


7 


Table  A-1 


Performance  Of  NaBH/,  Reduced  Pt-Base  Metal  Catalysts 


Catalyst 

Polarization 
Indicated  ma 

at 

/cm2 

Kinetic  Parameters 

1 

10 

50 

-Log  lo 

- B 

Pt 

0.52 

0.56 

0.60 

10.6 

0.049 

Pt-Fe 

0.48 

0.56 

0.63 

5.5 

0.087 

Pt-W 

0.49 

0.55 

0.60 

8.0 

0.062 

Pt-V 

0.51 

0.57 

0.61 

8.2 

0.062 

Pt-Nl 

0.50 

0.56 

0.61 

8.0 

0.062 

Pt-Cu 

0.52 

0.59 

0.64 

6.8 

0.076 

Pt-Co 

0.47 

0.55 

0.61 

6.2 

0.076 

Pt-Pb 

0.50 

0.57 

0.64 

7.6 

0.066 

Pt-Mn 

0.46 

0.52 

0.57 

6.4 

0.071 

Although  the  electrodeposited  catalysts  studied  earlier  agree 
qualitatively  with  these  findings,  an  experimentally  significant  difference  was 
observed  between  the  magnitudes  of  the  kinetic  parameters  of  catalysts  prepared  by 
electrodeposition  or  by  HaBH4  reduction.  Thus,  electrodeposited  Pt  had  an  exchange 
current  and  Tafel  slope  of  5  x  10"®  ma/cm^  and  0.066  respectively  while  NaBH^ 
reduced  Pt  showed  values  of  3  x  10*^^  ma/cm^  and  0.0A9.  The  other  NaBH4  reduced 
catalysts  had  correspondingly  smaller  exchange  currents  and  Tafel  slopes  than  their 
electrodeposited  counterparts.  Again,  because  of  the  compensation  of  the  kinetic 
parameters,  activities  remained  about  the  same.  It  was  also  noted  that  a  different 
order  for  the  kinetic  parameter  values  of  various  cometals  was  obtained.  However, 
these  effects  with  the  binary  catalysts  may  be  due  to  differences  in  composition 
from  the  corresponding  electrodeposited  catalysts.  Although  no  work  has  been  con* 
ducted  in  this  area,  the  differences  between  the  two  types  of  Pt  may  arise  from 
changes  in  their  surface  areas  or  types  of  crystal  face  exposed. 

Part  b  •  Effect  of  Au  or  Ir 

Content  on  Pt  Activity 

Catalysts  composed  of  varying  amounts  of  Au  or  Ir  in  Pt  were  studied  over 
a  range  of  20.5  to  76.4  atom  X  Au  and  8.5  to  61.3  atom  %  Ir.  The  original  solutions 
were  made  up  to  contain  20  to  80%  Au  and  20  to  80%  Ir  but  because  of  the  lower 
reactivity  of  Ir  salts  with  NaBH4,  the  actual  content  of  this  metal  was  somewhat 
less. 


A  variation  of  kinetic  parameters  with  composition  was  found  for  both 
series  of  catalysts.  The  Pt-Ir  samples  reached  a  maximum  exchange  current  of 
1.6  X  10'^  ma/cm^  at  about  20  atom  %  Ir  and  then  decreased  to  about  4  x  10~^®  ma/cm^ 
at  35%,  remaining  constant  after  this  out  to  pure  Ir.  With  Pt-Au,  no  sharp  maximinn 
was  observed,  rather  a  gradual  increase  to  an  average  value  of  2  x  10~7  ma/cm^  at 
about  40%  Au.  This  remained  constant  out  to  the  highest  concentration  studied. 

Since  pure  Au  has  essentially  no  activity,  a  sharp  decrease  in  exchange  current  can 
be  expected  between  80  and  100%  Au.  These  results  are  shown  in  Figure  A-1. 


8 


Figure  A-1 


Effect  Of  Au  Or  Ir  Addition  On  Exchange  Current 


With  these  two  catalysts  the  compensating  effect  is  again  operative  so  that  no 
sharp  changes  In  activity  are  noted.  Thus,  as  shown  In  Table  A>2,  the  polarlaa> 
tlons  at  10  ma/cm^  for  all  concentrations  fall  within  60  to  70  mv  of  each  other. 

Table  A»2 


Effect  Of  Au  Or  Ir  Addition  On  Polarization 


Concentration  of 
Cometal.  Atom  % 

Polarization  at  Indicated  ma/cm^  1 

.1 . 

10 

50 

Au 

■1 

20.5 

0.48 

0.58 

39.0 

0.50 

0.62 

63.0 

0.48 

0.59 

76,A 

0.55 

0.60 

0.66 

Ir 

8.5 

0.52 

0.58 

0.63 

19.6 

0.48 

0.55 

0.60 

35.5 

0.55 

0.61 

0.65 

61.3 

0.52 

0.57 

0.60 
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Part  c  -  Other  Binary  and 
Ternary  Catalysts 

The  testing  of  other  combinations  of  metals  showed  varied  results*  The 
addition  of  Fe  and  Cu  to  Rh  caused  it  to  lose  all  its  activity  while  the  addition 
of  Au  and  Re  produced  catalysts  which  could  not  support  current  densities  much 
beyond  10  ma/cm2.  Only  Ir  did  not  poison  Rh.  An  Ir-Fe  catalyst  showed  about  the 
same  activity  as  pure  Ir  while  Ir-Re  was  slightly  less  polarized,  especially  at 
low  current  densities*  Ternary  combinations  of  Pt-Pd  with  Fe,  Ir  or  Au  showed 
the  same  characteristics  as  a  given  pair  of  components*  Thus  Pt-Pd-Fe  behaved 
like  Pt-Fe,  Pt-Pd-Ir  like  Pt-Pd  and  Pt-Pd-Au  as  Pt-Au*  These  results  as  well  as 
those  of  all  the  catalyst  results  presented  in  this  section  are  given  in 
Appendix  A-2  ,  along  with  details  of  preparation  and  composition,  where  available* 


Part  d  -  New  Catalyst  Systems  (P-Tvpe) 

New  proprietary  catalyst  systems  were  prepared  and  tested  in  3*7  M  H2SO4 
and  1  M  CH3OH*  It  was  found  that  polarization  could  be  reduced  from  that  observed 
with  Pt  by  about  150  mv  at  60*0,  the  most  active  proprietary  catalyst  being 
polarized  only  0*45  volts  at  50  ma/cm2.  Even  at  25*0  these  catalysts  retained  as 
much  or  more  activity  as  Pt  at  60*0,  being  polarized  0.53  volts  at  10  ma/cm^ 
compared  to  0*56  for  Pt*  When  tested  with  HOHO  Instead  of  OH3OH  they  showed  a 
large  decrease  in  polarization,  even  greater  than  the  100  mv  difference  in 
theoretical  potentials  of  these  two  fuels*  For  example,  at  50  ma/cm^  at  60*0, 

1  M  HOHO  showed  a  polarization  of  only  0*28  volts  from  the  theoretical  OH3OH 
potential.  By  contrast,  on  Pt,  both  0H3(RI  and  HOHO  exhibit  the  same  activity* 
Ethylene  glycol  was  as  active  as  OH3OH  on  the  new  P-type  catalysts  while  OH3OH2OH 
gave  considerably  more  polarization*  In  both  cases  electrolyte  discoloration 
indicated  the  build-up  of  nonreactive  Intermediate  products* 


The  addition  of  other  metals  to  the  basic  proprietary  catalysts  in  most 
cases  caused  a  performance  loss*  Only  one  metal  caused  no  change  while  the  worst 
metal  produced  a  130  mv  performance  loss*  These  results  are  detailed  in 
Appendix  A-3  and  sunnarlzed  in  Tables  A-3  and  A-4  * 


Table  A-3 


Activity  Of  P-Type  Catalysts 


3*7  M  H2SO4  -  1  M  CH3OH  -  60 *C 


Catalyst 

Polarization@  Indicated  ma/cm^  1 

1 

10 

50 

Pt 

WBSM 

0*56 

0*60 

P  -Type 

0*37 

0*45 

Modified  P-Type,  A 

0*24 

0.37 

0*46 

Modified  P-Type,  B 

0*43 

0*51 

0*58 
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Table  A- 4 


Activity  Of  New  P-Type  Catalyst  With  Various  Fuels 
3.7  M  H2SO4  -  1  M  Fuel  -  60*C 


Fuel 

Polarlzatlon@  Indicated  ma/cm^ 

1 

10 

50 

CH3OH 

0.28 

0.37 

0.45 

HCHO 

0.14 

0.22 

0.28 

CH3CH2OH 

0.61 

0.71 

0.81 

CH2(0H)CH20H 

0.28 

0.39 

0.48 

Part  e  -  Reduction  by  MaBH^ 

In  Nonaqueous  Solvents 

As  part  of  the  study  of  reducing  agents  other  than  NaBH4,  many  of  which 
require  H2O  free  media,  several  reductions  were  performed  In  nonaqueous  solutions. 
The  first  reducing  agent  used  was  NaBH4  Itself  to  permit  a  direct  comparison 
between  catalysts  prepared  by  aqueous  and  nonaqueous  reductions. 

Three  catalysts,  Pt,  Pt-Au  and  Pt-Fe  were  reduced  In  a  CH3OH  solution  of 
NaBH4,  using  metal  proportions  of  Pt-50  atom  %  Au  and  Pt-10  atom  %  Fe.  All  three 
systems  reacted  vigorously  and  the  resulting  finely  divided  catalysts  were  pressed 
Into  the  sandwich  electrodes  described  In  Appendix  A-1.  They  were  then  tested  In 
3.7  M  H2SO4  and  1  M  CH3OH  at  60*C.  It  was  found  that  their  activities  and  kinetic 
parameters  agreed  with  the  values  of  similar  catalysts  prepared  In  aqueous  solution 
For  example,  Pt  was  polarized  0.55  volts  from  the  theoretical  CH3OH  potential  at 
10  ma/cm^  compared  to  0.56  volts  for  Pt  made  from  an  aqueous  solution.  The 
corresponding  Tafel  slopes  were  0.050  and  0.049  and  the  exchange  currents  3  x  10'^^ 
and  3  x  10'^^  ma/cm^.  These  results  are  shown  In  Table  A-5  . 


Table  A-5 


Activity  Of  Catalysts  Prepared  In  CH30H 
60*C  -  3.7  M  H2SO4  -  1  M  CH3OH 


Catalyst 

Polarization,  \ 
at  Indicated  m{ 

rolts 

f/cm^ 

Kinetic 

Parameters 

1 

10 

50 

b 

-Log  lo 

Pt 

0.49 

0.55 

0.59 

0.050 

9.6 

Pt-Au  50% 

0.43 

0.54 

0.58 

0.058 

8.4 

Pt-Fe  ion 

0.41 

0.51 

0.58 

0.100 

4.4 

Part  f  -  Other  Reducing  Agents 


Reducing  agents  other  than  NaBH^  also  have  been  tested.  Aqueous 
solutions  of  0.5  M  hypophosphorous  acid  and  anmonlacal  0.4  M  hydrazine  were  reacted 
with  salt  solutions  of  Pt,  Fe,  Au,  Cu  and  Mo.  In  these  tests,  N2H4  reduced  only  Au, 
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Pt  and  Cu,  in  that  order  of  reactivity,  while  Fe  and  Mo  formed  oxldea.  Hypophoa- 
phorous  acid  was  poorer,  reducing  Au  to  the  metal  and  Mo  to  molybdanum  blue.  No 
reaction  was  noted  with  the  other  aalta.  Although  N2H4  reduced  several  of  the 
metals,  its  reaction  rate  was  considerably  less  than  that  obtained  with  NaBH4. 


Part  g  -  Electrodepoaited  Catalysts 


In  addition  to  the  work  done  with  catalysts  made  by  NaBH4  reduction, 
some  electrodepoaited  Pt  and  Pt-W  electrodes  were  prepared  for  further  comparison 
of  the  two  preparative  techniques.  Attempts  were  also  made  to  electrodeposit  W 
and  Mo  from  aqueous  solution  following  procedures  outlined  in  the  literature  (2). 
The  Pt  electrodes  were  similar  to  earlier  ones  made  under  the  same  conditions 
while  a  Pt-W  electrode  was  somewhat  poorer  than  Pt,  being  polarized  0.76  volts 
from  the  theoretical  CH3OH  potential  at  50  ma/cm^  compared  to  0.64  volts  for  Pt. 
These  results  are  shown  in  detail  in  Appendix  A-4.  It  was  not  possible  to  electro¬ 
deposit  W  alone  from  a  solution  of  Na2W04  and  Na2C03  even  with  dextrose  or  FeCl3 
added.  It  was  also  found  that  Ho  did  not  deposit  from  a  solution  of  anmtonium 
paramolybdate  in  10  wt  %  HAc  saturated  with  KAc  and  NH^Ac. 


Part  h  -  Catalysts  of  Difficultly 
Reducible  Metals _ 


In  addition  to  the  metals  successfully  reduced  by  NaBH^,  such  as  the 
noble  metals  and  some  base  metals,  a  number  of  others  showed  no  reduction  or  only 
a  partial  reduction  stopping  short  of  the  metallic  state  when  tested  in  the  absence 
of  a  more  reactive  material  such  as  Pt.  Tlius  Zn  or  Mn  solutions  yielded  only 
hydroxides  upon  reduction  while  W  and  Cr  reacted  only  very  slowly  or  not  at  all, 
depending  upon  the  temperature.  In  the  cases  of  Mo  and  V,  dark  brown  precipitates, 
probably  mixtures  of  oxides  were  obtained. 

That  the  reduction  of  these  less  reactive  metals  may  be  catalyzed  by  the 
coreduction  of  an  active  metal  such  as  Pt  is  suggested  by  the  electrochemical 
behavior  of  catalysts  prepared  from,  for  example,  a  mixed  Pt  and  W  solution.  It 
is  found  that  Pt-W  has  an  average  Tafel  slope  of  0.062  and  exchange  current  of 
1  X  10"®  ma/cm2  compared  to  the  values  for  Pt  of  0.049  and  3  x  10" ma/cm2,  even 
though  not  enough  W  has  been  added  to  offer  a  clear-cut  lattice  spacing  difference. 
Table  A-6  also  shows  similar  effects  with  Mn,  V  and  Mo. 


Table  A- 


Evldence  For  Incorporation  Of  Difficultly 
Reducible  Metals  Into  Pt  Catalyst 
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Part  i  -  Other  Catalysts 


Catalysts  other  than  those  already  mentioned  were  made  by  a  variety  of 
techniques.  H2WO4  was  precipitated  by  acidification  of  Na2VK)4  solution  and  tested 
for  catalytic  activity  in  3.7  M  K2SO4  and  1  M  CH3OT  at  60*C  both  by  Itself  and 
physically  mixed  with  Pt  black.  Eaaentlally  no  activity  was  observed  in  either 
case,  in  addition,  a  bright  Pt  wire  and  a  Pt-5%  Ir  wire,  tested  under  the  same 
conditions,  also  failed  to  exhibit  activity. 


Phase  2  -  Alloy  Formation 

As  part  of  the  program  for  finding  more  active  fuel  electrode  catalysts 
many  of  the  materials  prepared  for  the  screening  program  were  analyzed  for  alloy 
formation.  The  purpose  was  to  better  understand  the  nature  of  the  coreduced  metal 
catalysts. 

Part  a  -  Formation  of  Alloys 

Many  of  the  catalysts  prepared  for  fuel  electrode  testing  by  NaBH^ 
reduction  of  mixed  salt  solutions  were  also  exoained  for  alloy  formation  by  means 
of  X-ray  diffraction.  It  was  found  that  in  almost  all  cases  alloys  were  formed 
during  the  low  temperature  reduction  of  mixed  salt  solutions.  Alloys  of  Pt-Au  and 
Pt-Ir,  which  were  most  carefully  studied,  agreed  with  literature  values  of  their 
lattice  constants.  Only  with  a  Pt-20.5  atom  %  Au  and  a  Pt-61.3  atom  %  Ir  composi¬ 
tion  were  there  large  discrepancies.  These  might  be  explained  by  a  lack  of  com¬ 
plete  alloying  at  these  particular  concentrations  or  perhaps  by  an  error  in  the 
X-ray  determination.  Figure  A-2  shows  these  relations,  with  the  solid  lines 
representing  the  literature  values. 


Figure  A-2 


Effect  Of  Alloy  Composition  On  Lattice  Spacing 


13 


Additional  evidence  of  alloy  foraation  was  the  appearance  of  double  seta  of  X-ray 
spectra  when  physical  mixtures  of  Pt  snd  Au  or  Pt  and  a  Pt-Au  alloy,  for  example, 
were  analyzed •  These  spectra  were  typical  of  pure  Pt  and  pure  Au  or  pure  Pt  and  the 
corresponding  Pt-Au  alloy  respectively.  Electrochemical  results  also  confirmed  the 
alloying  of  Pt  and  Au.  A  physical  mixture  of  Pt  and  Au  had  the  same  catalytic 
behavior  as  pure  Pt,  since  Au  is  inactive,  while  a  Pt-Au  alloy  demonstrated  the 
kinetic  parameters  described  in  Phase  1,  Part  b. 

The  other  catalysts  have  not  been  analyzed  for  metal  contents  as  yet,  but 
their  observed  lattice  constants  fall  within  the  limits  of  the  values  of  the 
individual  components.  Thus  a  Pt-Cu  alloy  showed  a  face  centered  cubic  structure 
with  the  unit  cube  length  of  3.791  A  vdille  Pt  and  Cu,  both^of  which  are  also  face 
centered  cubic,  have  unit  cube  lengths  of  3.916  and  3.607  A  respectively.  All  other 
alloys  also  showed  face  centered  cubic  structures  except  for  Pt-Pb.  This  alloy  had 
the  most  complex  structure,  showing  hexagonal,  tetragonal,  face  centered  cubic  and 
body  centered  cubic  phases.  The  first  two  correspond  in  structure  snd  lattice 
constants  with  the  PbPt  and  Pb^Pt  intermetal  lie  compounds  and  the  face  centered 
phase  is  probably  a  Pb  rich  solid  solution.  The  fourth  phase  cannot  yet  be 
accounted  for.  All  of  the  alloys  studied  are  presented  in  more  detail  in  Appendix 
A-5. 


Phase  3  -  Performance  of  Heterogeneous 
Mo- Containing  Catalysts _ 

It  has  been  reported  that  a  Pt-Mo  catalyst  can  oxidize  CH3OH  to  CO2  nt 
polarizations  as  low  as  0.2  volts  from  the  theoretical  CH3OH  potential.  However, 
at  higher  current  densities  an  irreversible  loss  in  performance  to  the  level  of 
pure  Pt  was  experienced.  To  extend  this  low  polarization  activity,  additional  Pt- 
Mo  catalysts  have  been  prepared  and  tested.  Also,  metals  other  than  Pt  have  been 
tried  as  cocatalysts  for  Mo.  Finally,  other  fuels  have  been  run  with  Pt-Mo 
electrodes  to  see  if  more  active  fuels  can  be  found  for  this  system. 

Part  a  -  Performance  of  Pt-Mo  Catalysts 

A  Ft-Mo  catalyst  was  run,  in  3.7  M  H2SO4  and  1  M  CH3OH  at  60*C,  for 
136  hours  at  a  polarization  of  from  0.21  to  0.27  volts  at  1  ma/cm^.  The  gas 
collected  during  this  time  was  found  to  be  CO2.  Thus  the  average  polarization 
required  for  complete  CH3OH  oxidation  has  been  lowered  to  0.24  volts  for  a  Pt-Mo 
catalyst.  However,  at  higher  current  densities  a  rapid  irreversible  polarization 
to  the  performance  of  Pt  alone  was  again  observed. 

To  regain  the  low  polarization  performance,  Pt-Mo  electrodes  which  had 
been  irreversibly  polarized  were  anodized  and/or  cathodlzed  in  both  their 
electrolytes  and  in  fresh  acid  to  remove  surface  poisons  or  restore  desorbed  Mo. 

In  no  case  was  any  reversal  of  the  performance  loss  achieved.  Another  electrode  was 
stripped  of  its  catalyst.  The  catalyst  was  then  redistributed  on  it  in  order  to 
expose  a  fresh  surface.  This  treatment  also  failed  to  restore  the  initial  activity. 

A  number  of  other  Pt-Mo  electrodes,  prepared  from  catalysts  receiving 
various  numbers  of  acid  and/or  H2O  washes,  were  also  tested  but  no  significant  per¬ 
formance  improvements  were  achieved.  Complete  results  for  all  Pt-Mo  catalysts  are 
given  in  Appendix  A-6  . 


14 


Part  b  -  Pt-Mo  Performance 
With  Varloua  Fuels 


* 


A  series  of  experiments  were  performed  with  Pt-Mo  electrodes  using  HCOOH, 
HCHO,  CH3CH2OH  and  ethylene  glycols  as  fuels.  All  runs  were  made  in  3.7  M  H2SO4 
and  1  M  fuel  at  60  or  80*C.  Formaldehyde  was  the  most  active  fuel  in  these  systems^ 
allowing  currents  of  greater  than  16  and  32  ma/cm^  to  be  attained  with  low  polariza¬ 
tions  at  60  and  80*C  respectively.  By  comparison,  CH3OH  yielded  only  1  and  4  ma/cm2 
at  these  two  temperatures  before  a  rapid  polarization  Increase.  Formaldehyde  was 
polarized  only  0.30  volts  from  the  theoretical  CH3OH  potential  at  16  ma/cm2  at  60*C 
and  0.25  volts  at  32  ma/cm2  at  82*C.  Formic  acid  was  intermediate,  giving  8  ma/cm2 
at  60*C  with  0.29  volts  polarization,  while  CH3CH2OH  and  glycol  were  less  active 
than  CH3OH.  These  results  are  summarized  In  Table  A- 7  and  shown  more  completely  In 
Appendix  A-  6. 


Table  A- 7 

Effect  Of  Fuel  On  Pt-Mo  Activity 


Maximxjm 

Stable  1 

Current  Density »  ma/cm^  I 

Fuel 

60 'C. 

80*C 

CH3OH 

1 

4 

HCHO 

16 

32 

HCOOH 

8 

-- 

CH3CH2OH 

-- 

2 

Part  c  -  Activity  of  Mo  With 
Other  Cocatalysts 

In  addition  to  Pt,  other  metals  were  tested  as  cocatalysts  for  the  Mo 
redox  system.  These  Included  Au,  Pd,  Ir  and  Rh  as  well  as  Pt-Ir,  Pt-Co  and  Pt-Fe 
alloys  and  various  combinations  of  alloyed  or  physically  mixed  Pt  and  Au.  A 
catalyst  consisting  of  Pt-Mo  adsorbed  on  activated  charcoal  was  also  tested.  All 
experiments  were  performed  using  3.7  M  H2SO4  and  1  M  CH3OH  at  60*C. 

The  only  catalyst  combination  to  perform  better  than  Pt-Mo  Itself  was  a 
Pt-Mo-Co  preparation  which  supported  a  maximum  low  polarization  current  of  about 
1.8  ma/cm2  compared  to  1  ma/cm^  for  Pt-Mo.  The  performance  loss  at  current  densi¬ 
ties  beyond  1.8  ma/cm^  remained  irreversible  however.  A  Pt-Mo-Fe  catalyst  gave 
approximately  the  same  activity  as  Pt-Mo  while  all  the  other  combinations  were 
Inferior.  Some  redox  activity  was  observed  with  several,  but  Au-Mo,  Ir-Mo  and  Pd- 
Mo  were  completely  inactive.  These  results  are  summarized  in  Appendix  A-6. 


Phase  4  -  Mechanism  of 

Pt-Mo  Catalysts 

The  earlier  studies  also  reported  that  not  only  is  an  improvement  in  low 
current  density  performance  noted  with  Mo  added  to  a  heterogeneous  catalyst,  but 
that  a  similar  effect  occurs  when  a  soluble  Mo  compound  is  added  directly  to  the 
electrolyte.  Work  carried  out  to  improve  the  solid  catalysts  has  been 
described  in  Phase  3.  Studies  of  the  mechanism  of  the  CH3OH-M0  system  when  Mo  is 
added  to  the  solution  will  now  be  presented. 
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Part  a  -  Experimental  Technique 


I 

i 

Since  it  waa  suspected  early  in  the  study  that  the  improvement  in 
electrode  performance  was  due  to  a  redox  cycle  -  chemical  reduction  of  molybdate  by  . 

fuel  and  electrochemical  reoxidatlon  -  the  work  was  carried  out  along  lines  designed  I 

to  investigate  both  the  chemical  and  electrochemical  steps*  The  chemical  step  was 
followed  by  observing  the  products  and  rate  of  chemical  reaction  of  Mo'*'^  (sodium  or 
ammonium  molybdate)  with  CH3OH  or  HCHO  in  pre-electrolyzed  3*7  M  H2SO4  at  82*C> 

The  electrochemical  studies  consisted  of  obtaining  chronopotentlograms  on  a 
platinized  Pt  microelectrode ,  under  various  conditions  of  molybdate  -  fuel  inter¬ 
action  and  adsorption,  and  a  coulometric  study  to  ascertain  the  extent  of  molybdate 
reduction.  Chronopotentlograms  on  the  platinized  Pt  were  observed  oscllloscoplcally 
and  representative  samples  recorded  photographically.  Transient  potentials  were 
measured  against  a  reference  electrode  in  the  system.  Polarizations  In  this  study 
are  referred  to  the  normal  hydrogen  reference  electrode,  designated  N.H.E. 

Part  b  -  Chemical  Reaction 

The  chemical  reaction  between  molybdate  (+6)  and  CH3OH  or  HCHO  was  shown 
to  require  the  presence  of  a  Pt  black  catalyst  and  to  result  In  the  production  of 
CO2  as  one  product  of  the  reaction.  The  rate  of  CO2  production,  as  monitored  by  an 
Infrared  analyzer,  was  shown  to  be  roughly  equivalent  to  14  ma/cm^  for  1  M  CH3OH- 
0.025  M  Na2Mo04,  and  about  half  this  rate  for  1  M  HCHO  under  comparable  conditions, 
as  shown  In  Figure  A-3  .  This  result  Is  Just  the  reverse  of  the  reactivity  order 
noted  with  heterogeneous  Pt-Mo  catalysts.  Although  continuous  data  on  CO2  produc¬ 
tion  vs  time  were  recorded  for  the  CH3OH  run,  the  data  did  not  plot  properly  for 
any  simple  rate  expression.  Rate  data  obtained  using  HCHO  fuel  and  CO2  pickup  In 
Ascarlte,  however,  did  plot  equivalent  slopes  at  two  different  concentrations  for 
a  reaction  mechanism  first  order  In  Mo'*'^,  as  shown  In  Appendix  A-7  .  Although  the 
reactivity  order  of  CH3OH  and  HCHO  is  reversed  from  that  obtained  with  the  Pt-Mo 
electrode  itself,  it  should  be  pointed  out  that  the  chemical  reactivity  as  observed 
by  these  methods  need  not  correspond  to  that  observed  In  the  redox  electrode  system 
since  desorption  of  the  product  molybdenum  is  not  Inherent  In  the  electrochemical 
scheme  while  It  Is  required  in  the  chemical  measurement. 

Figure  A-3 


CO2  Production  From  Chemical 
Reaction  Of  Na2M04  -  Fuel 
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Part  c  -  Coulometry 


The  molybdenum  product  of  the  chemical  reaction  with  fuel  in  3<7  M  H2SO4 
forms  a  red-brown  solution.  In  the  absence  of  a  simple  method  of  determining  the 
valence  state  of  molybdenum  in  this  solution,  a  solution  of  identical  appearance 
was  prepared  by  electrochemical  reduction  of  molybdate.  The  quantity  of  coulombs 
passed  to  reach  equilibrium  at  +.2Svolts  vs  N.H.E.  was  used  to  determine  the  valence 
state  of  the  product  solution.  It  was  found  that  these  coulometrlc  results  agreed 
within  1%  of  the  quantity  necessary  for  a  one-electron  reduction  of  the  molybdenum, 
l.e.  to  the  pentavalent  state.  (Table  A- 8,  static  system) 

In  view  of  the  well-known  complexlng  tendencies  of  molybdenum  species,  it 
was  considered  advisable  to  verify  this  result  under  conditions  designed  to  minimize 
possible  complex  formation.  Thus,  a  reaction  of  the  type 

Mo+6  4.  3g  - ^  Mo"*”^  (electrochemical) 

Ho+3  4.  2  Mo"*^  *3  Mo‘*‘5  (disproportionation  or  complex  formation) 


could  possibly  be  occurlng  In  the  system.  Such  an  over- all  reaction  would  also 
indicate  the  quantity  of  coulombs  expected  for  a  one- electron  reduction. 

An  apparatus  was  designed  in  which  Mo'*'^  was  reduced  at  its  limiting  current 
density  as  It  flowed  through  a  platinized  porous  electrode.  (Diagram  in  Appendix 
A-8  ).  This  system  permits  reduction  of  at  the  moving  boundary  in  the  absence 

of  significant  MO'*'^  concentration  downstream.  Thus  If  Mo'*'^  Is  formed,  the  coulombs 
passed  should  Indicate  a  relatively  high  recovery  of  the  current  from  the  3-electron 
reduction.  However,  operation  of  this  system  confirmed  that  the  reduction  of  Mo+6 
was  Indeed  a  one-electron  process.  Based  on  this  electrochemical  evidence,  shown 
in  Table  A-8  ,  the  chemical  reaction  also  Is  assumed  to  Involve  reduction  to  the 
pentavalent  state. 


Table  A-8 


Potentlostatlc  Coulometry  Of  Mo'*'^ 

T  ■  25*C,  Potential  ■  40.25  Volts  vs  N.H.E. 


Coulombs 

Coulombs 

System 

Calculated 

Observed 

Static 

571 

573 

Flow 

401 

390 

Part  d  -  Electrochemical  Behavior 


Anodic  chronopotentlograms  on  Pt  In  pentavalent  molybdenum  solutions  and 
on  prepared  Pt-Mo  electrodes  in  3.7  M  H2SO4  indicate  the  reoxidation  of  Mo'^3  start¬ 
ing  at  potentials  near  40.3  volts  vs  the  normal  hydrogen  electrode  (N.H.E.).  Half¬ 
wave  potential  for  the  reaction  in  both  cases  was  about  0.4  volts  more  anodic  than 
the  N.H.E.,  as  shown  in  Figure  A-4  .  Efficient  operation  in  conjunction  with  a 
CH3OH  electrode  then  necessitates  that  the  bulk  of  the  molybdenum  be  in  the  +5  state. 
In  order  to  maintain  the  least  polarization.  Thus  the  chemlc  T  reduction  reaction 
must  be  rapid  compared  to  the  desired  current  load  to  maintaii.  -ood  potentials. 
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Figure  A- 4 


Anodic  Tranelents  Of  Ft  And  Mo  Systems 


Ne^dsH 


Observations  on  elecCrochemlcally  produced  solutions  of  Mo'^b  Indicate  that 
only  a  very  small  quantity  of  Mo"*"^  exists  as  the  free,  oxldlzable  species.  Anodic 
transients  Immediately  following  cathodlzatlon  of  the  test  electrode,  however, 
Indicate  high  quantities  of  oxldlzable  Mo‘*’5.  Thus  It  Is  assumed  that  Mo'*’^  In 
solution  exists  as  a  relatively  Inert  polymeric  species  which  must  dissociate  before 
electrochemical  oxidation  can  take  place.  Adsorbed  apparently  exists  In  a  form 

which  can  be  electrochemlcally  oxidized  much  more  easily. 

Part  e  -  Adsorption  of  Molybdenum 

Considerable  effort  was  directed  toward  defining  the  conditions  for  main¬ 
taining  a  favorable  quantity  of  reactive  molybdenum  adsorbed  on  the  Ft  electrode 
surface  with  and  without  the  presence  of  fuel.  This  Information  was  obtained 
through  the  analysis  of  "layers",  preadsorbed  in  various  solutions  of  molybdate  and 
fuel,  which  were  rinsed  and  anodlcally  stripped  In  a  separate  electrochemical  cell. 
This  technique,  while  allowing  certain  undefined  variables,  permits  the  separation 
and  examination  of  independent  factors  in  molybdate  and  fuel  adsorption.  It  was 
found  that  a  single  chemisorbed  layer  of  molybdate  was  sufficient  to  produce 
reasonably  good  performance  in  a  subsequent  performance  run  with  HCHO  (Appendix  A- 9). 
It  was  also  found  that  molybdate  adsorption  must  occur  before  contact  with  fuel 
(especially  HCHO)  in  order  to  prevent  permanent  blocking  of  adsorption  sites  by  fuel. 
Furthermore,  an  adsorbed  molybdate  layer  in  the  absence  of  fuel  was  able  to  with¬ 
stand  50  successive  complete  oxidations  and  reductions  In  3.7  M  H2SO4  with  only  a 
loss  of  approximately  one-half  the  adsorbed  material.  A  single  complete  oxidation 
in  the  presence  of  fuel  however  served  to  completely  eliminate  all  reactive  molyb¬ 
denum  from  the  electrode  (Appendices  A-10  and  A-11). 
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Similar  experiments  designed  to  test  the  relative  adsorbablllty  of  Mo'*'^ 
and  Mo*^^  Indlcatedthat  adsorption  of  both  species  Is  comparable  but  that  desorption 
of  Mo'*'^  occurs  easily  than  that  of  Mo'*'5,  Thus,  rinsing  of  preadsorbed  layers 

of  Mo'*'^  and  Mo"*"”  removed  far  more  Mo"*"®  from  the  electrode  (Appendix  A- 12). 
Additional  experiments  Indicated  that  a  preadsorbed  layer  of  fuel  was  essentially 
Impervious  to  replacement  by  molybdate  and  thus  was  a  potential  cause  of  failure 
In  the  redox  system  (Appendix  A- 13). 

Part  f  -  The  Proposed  Mechanism 

Based  on  the  observations  to  date,  the  Pt-Mo  fuel  reaction  mechanism  for 
both  the  heterogeneous  and  homogeneous  systems  may  be  sunmarlzed  as  follows: 

Chemical  Reaction: 

Mo+6  (ads)  +  Fuel  - ^  Mo'''^  (ads)  +  CO2  +  H2O 


Electrochemical  Reaction: 

Mo'*’^  (ads)  - ^  Mo+6  (ads)  +  e" 

Irreversible  Failure: 

Mo+6  (ads)  - »  Mo+6  (soln) 

Fuel  *  Fuel  (ads  strongly) 

The  concept  of  irreversible  failure  by  strong  fuel  adsorption  Is  compatible 
with  the  fact  that  monolayer  coverage  of  Pt  with  fuel  occurs  at  all  potentials 
between  zero  and  +0.4  volts  vs  N.H-E-  although  no  oxidation  reaction  occurs  in 
these  regions. 

Part  g  -  Performance  of  Pt-Mo  Systems 

Subsequent  to  the  establishment  of  the  Mo>fuel  reaction  mechanism,  further 
testing  was  directed  toward  improving  chemical  catalysis  of  the  Mo-fuel  reaction, 
and  finding  means  of  avoiding  the  irreversibility  discussed  previously. 

Platinum  catalysts  prepared  by  NaBH4  reduction  of  Pt  salts  have  been  shown 
to  provide  superior  electrode  activity,  especially  with  HCHO  fuel.  For  example, 
using  this  catalyst  with  acid  solutions  of  1%  Na2Mo04  at  82*C.,  HCHO  limiting 
currents  have  been  obtained  in  excess  of  200  ma/cm^.  Activity  of  this  degree  provides 
about  50  ma/cm^  at  +0.26  volts  vs  N.H.E.  (Appendix  A-14).  This  type  of  electrode 
shows  an  activation  energy  for  molybdate  electro-oxidation  of  ••'11  kcal/mole 
(Appendix  A-IS).  Methanol  activity  on  similar  electrodes  was  l'>w,  however,  the  per¬ 
formance  being  comparable  to  Pt  alone  beyond  ~  5  ma/cm^.  A  single  electrode 
prepared  by  this  technique  showed  good  reversibility  for  the  HCHO  reaction  after  a 
long  series  of  tests.  It  Is  possible  that  an  aging  effect,  with  loss  of  fuel 
adsorbablllty,  was  responsible  for  this  improved  reversibility.  Electrodes  in  all 
cases  may  be  reactivated  by  removal  to  fresh  3.7  M  H2SO4  solution  and  alternate 
anodization  and  cathodlzation.  Thus  the  concept  that  it  is  necessary  to  remove 
strongly  adsorbed  fuel  from  the  electrode  is  reinforced. 

A  brief  screening  was  carried  out  to  see  If  other  catalysts  in  addition 
to  Pt  might  be  suitable  for  the  Mo+5 - •>  Mo"*^  electrochemical  reaction.  Initial 
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tests  were  made  on  Au,  W  and  Ta,  using  constant  current  scanning  techniques.  It 
was  found  that  of  the  three  tested,  both  Au  and  W  showed  electrochemical  activity 
for  Mo'*'S  oxidation.  Since  neither  material  shows  appreciable  affinity  for  the  fuel 
electrochemical  reaction,  this  finding  advances  the  possibility  of  a  mixed  catalyst 
with  electrochemical  oxidation  and  chemical  reduction  taking  place  on  different 
sites.  A  PtfAu  electrode  prepared  to  test  this  concept,  however,  exhibited  HCHO 
activity  comparable  to  that  of  Pt  alone.  As  yet,  no  more  successful  system  has 
been  prepared.  Results  with  Pt  and  Pt+Au  are  detailed  In  Appendix  A- 16. 

Part  h  -  Other  Redox  Couples 

In  addition  to  the  Mo+6  -  Mo'*"^  couple,  a  brief  survey  was  made  of  other 
couples  which  might  exhibit  similar  behavior  with  CH3OH.  Thus,  the  ferro-ferrl- 
cyanlde,  ferrous- Ic- tartrate,  ferrous- Ic-oxalate  and  cobaltous-lc-oxalate  couples 
were  screened  In  3.7  M  H2SO4  at  25*C.  The  tests  consisted  of  observing  the  constant 
current  oxidation  waves  of  the  reduced  forms  of  the  couples  on  platinized  Pt.  No 
significant  oxidation  was  shown  by  these  systems. 


Phase  5  -  Further  Mechanism  Studies  With  Pt 

In  addition  to  the  mechanism  work  performed  with  the  Pt-Mo  system, 
further  work  has  been  carried  out  on  the  reaction  of  CH3OH  with  Pt  catalyst  In 
order  to  better  understand  the  limitations  of  this  system  (JL). 

Part  a  -  Experimental  Technique 

Information  on  the  CH3OH  reaction  limitations  on  Pt  black  has  been 
obtained  from  a  voltage  scan  study.  This  technique  Involves  the  measurement  of 
current  at  an  electrode  as  Its  potential  Is  linearly  changed  between  two  desired 
levels.  Peak  currents  during  this  procedure  are  related  to  rate  limitations  In 
the  system  and  can  be  used  for  kinetic  analysis-  The  scans  were  obtained  by 
driving  a  platinized  Pt  electrode  with  a  potentiostat  fed  by  a  motor  driven  linear 
potentiometer.  Currents  were  measured  from  the  voltage  drop  across  a  precision 
resistor.  A  diagram  of  the  apparatus  will  be  found  in  Appendix  A- 17.  Voltage 
scans  were  obtained  for  the  CH3OH  reaction  on  a  Pt  black  electrode,  both  as  a 
function  of  temperature  and  CH3OH  concentration.  A  typical  scan  for  1  M  CH3OH  @ 
25°C  is  shown  in  Figure  A-S  .  Appearance  of  distinct  separated  forward  and 
reverse  peaks  is  characteristic  of  these  oxygenated  fuels  (3). 
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Figure  A- 5 

Typical  Voltage  Scan  On  Ft  In  IM  CH;jOH 


Part  b  -  Temperature  Study 

The  voltage  scan  technique  was  applied  to  a  CH3OH  electrode  operating 
at  various  temperatures  In  the  range  25-75*C»  Current- volt age  traces  were 
obtained  for  a  potential  sweep  from  0-  +1.5  volts  vs  N.H.E.  In  1  M  CH3OH  -  3.7  M 
H2SO4.  Forward  and  reverse  peak  currents  were  measured  and  plotted  vs  reciprocal 
Kelvin  temperature. 

The  data  Indicate  two  distinct  processes  with  different  activation 
energies  for  the  forward  and  reverse  scans.  Thus  forward  scanning  Indicates  a 
process  with  9.4  kcal/mole  activation,  too  high  for  dlffuslonal  limitation,  while 
reverse  scans  Indicate  the  possibility  of  a  diffusion  limited  reaction  with  5.3 
kcal/mole  activation  (Appendix  A-18).  This  evidence  Indicates  activation  of  the 
Pt  surface  following  the  reduction  of  surface  oxide.  Moving  the  electrode 
potential  Into  less  positive  potential  regions  however  appears  to  deactivate  the 
surface  and  cause  Che  appearance  of  a  nondlf fuslonal  limitation. 

Part  c  -  CH3OH  Concentration  Study 

Voltage  scan  Information  was  also  obtained  In  systems  at  25*C  with  CH3OH 
concentration  varying  between  0.025-1.0  molar  In  3.7  M  H2SO4.  Forward  and  reverse 
peak  currents  were  plotted  against  CH3OH  concentration.  It  was  found  that  reverse 
peak  currents  gave  a  fairly  linear  dependence  on  CH3OH  concentration.  Forward 
peak  currents  however  did  not  give  a  linear  dependence  above  CH3OH  concentrations 
of  0.25  M.  (Figure  A- 6  ) 
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Figure  A- 6 


Dependence  Of  Forward  And  Reverse 
Peak  Currents  On  CH^OH  Concentration 


CHjOH  Cone  ,  moles/ liter 


The  nonlinear  forward  peak  dependence  Is  compatible  with  the  adsorption 
control  previously  postulated  from  other  types  of  experlments(l) .  The  linearity  of 
reverse  peak  currents, moreover, Is  entirely  consistent  with  the  low  energy  of 
activation  observed  In  the  temperature  study.  If  a  diffuslonal  limitation  is 
assumed  to  exist  in  the  reverse  scan. 
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4.2  Task  B.  Air  Electrode 


As  previously  reported  Q),  a  unique  redox  system  Is  being  developed  for 
use  at  the  air  electrode  in  the  methanol- air  fuel  cell.  This  redox  system  is  based 
on  the  electrochemical  reduction  at  the  cathode  of  a  small  amount  of  HNO3  (1  wt  %) 
in  the  H2SO4  electrolyte.  Its  inherent  advantage  compared  with  a  conventional  air 
electrode  is  relatively  stable  performance  with  low  polarization  at  practical 
current  densities.  However,  this  system  requires  efficient  chemical  regeneration 
of  HNO^  from  the  electrochemical  reduction  products  in  order  to  minimize  HNO3  loss 
and  the  problems  of  replacing  it.  Therefore,  laboratory  research  has  concentrated 
on  Improving  regeneration  efficiency.  In  addition,  engineering  studies  have  begun 
on  applying  these  results  to  practical  cell  configurations. 

Phase  1  -  HNO3  Regeneration, 

Laboratory  Studies 

The  regeneration  of  HNO3  in  H2SO4  Involves  the  oxidation  of  NO  formed  at 
the  electrode  with  O2  from  air  to  NO2  with  subsequent  hydrolysis  of  NO2  to  HNO3. 

The  first  of  these  steps  is  slower  in  the  electrolyte  solution  than  the  second, 
and  efficient  regeneration  cannot  be  achieved  by  simply  passing  air  through  the 
electrolyte.  Therefor^  two  approaches  to  improve  regeneration  were  studied.  In 
one  approach.  Increased  surface  area  was  provided  in  and  above  the  solution  with  a 
glass  wool  packing.  In  the  other,  a  foaming  surfactant  was  added  to  obtain  more 
effective  contacting  of  NO  and  O2  within  the  resulting  small  foam  bubbles. 


Part  a  -  Experimental  System 

The  experiments  were  conducted  under  standardized  conditions  to  compare 
results  on  a  relative  basis.  All  runs  were  carried  out  in  a  concentric  glass  cell 
with  a  driven  5  cm  x  7.6  cm  platinum  basket  anode.  A  platinized  platinum  electrode 
with  approximately  6  mg/cm^  of  platinum  black  was  employed  as  the  cathode.  The 
equipment  was  detailed  in  the  previous  report  (_!). 

The  electrolyte  was  3.7  M  electrolyzed  H2SO4  (30  wt  %)  and  0.2  M  HNO3 
(1  wt  %).  Air  or  oxygen  was  injected  into  the  solution  at  flow  rates  between  15 
and  30  cc/mln.  These  flow  rates  are  several  times  in  excess  of  the  stoichiometric 
amount.  The  gas  Injector  was  a  horizontal  glass  frit  with  downward  gas  flow.  The 
temperature  was  82*C  and  the  current  density  approximately  30  ma/cm^,  with  two  runs 
at  72  and  93  ma/cm|  respectively.  Catholyte  and  anolyte  compartments  were 
separated  by  an  alundum  thimble  wrapped  with  an  ion-exchange  membrane.  The  sur¬ 
factants  were  employed  in  concentrations  between  0.05  and  1.0  wt  %  and  the  foam 
layer  was  held  at  a  fixed  level  with  minimum  fluctuations.  The  polarization  of  the 
air  electrode  increased  at  lower  HNO3  concentrations  and  varied  between  0.2  and 
0.4  volts  relative  to  theoretical  02*  7?he  results  of  these  tests  are  summarized 
in  Appendix  B-1  . 

Part  b  -  Test  of  Surfactants 

Previous  studies  showed  that  using  foaming  agents  in  the  regeneration 
cell  Improves  contacting  between  NO  and  O2  for  the  gas  reaction  within  the  foam 
bubbles.  The  foam  also  furnishes  electrolyte  in  the  walls  of  the  bubbles,  thus 
supplying  a  means  for  draining  HNO3  back  to  the  bulk  electrolyte. 
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The  main  difficulty  encountered  In  the  previous  experiments  was  that  the 
available  surfactants  degraded  In  the  highly  oxidative  cell  atmosphere.  The  best  of 
the  tested  compounds  was  sodium  dodecyl  oxydlbenzene  dlsulfonate  (Benax  2A1  of  Dow 
Chemical  Co.).  Thus,  several  other  compounds  of  the  same  type  were  tried.  These 
are  listed  In  Appendix  B-1.  Of  these,  only  nonyl  oxydlbenzene  dlsulfonate  proved  to 
have  Improved  oxidation  stability  giving  a  stable  foam  during  90  hours  under  load. 
Table  B-  1  summarizes  these  results. 


Table  B-1 


Effect  Of  Structure  On  Surfactant  Stability 


Surfactant 

Life  Under  Load 

In  Cell. Hours 

Sodium  nonyl  oxydlbenzene  dlsulfonate 

Sodium  dodecyl  oxydlbenzene  dlsulfonate 

Sodium  dodecyl  oxydlbenzene  dlsulfonate  (higher  purity) 

Mono  phosphate  ester  of  trldecyl  alcohol-ethylene  oxide  adduct 
Tridecyl  alcohol-ethylene  oxide  adduct 

Oxydlbenzene  of  high  molecular  weight 

90 

30 

30 

20 

10 

Unstable  Foam 

The  use  of  the  longer  lived  nonyl  compound  significantly  Improved  the  number  of 
regenerations.  This  effect  is  shown  in  Table  B-2  ,  where  the  regeneration  results 
with  the  two  best  surfactants  are  tabulated. 


Table  B-2 


Effect  Of  Surfactant  On  HKOt  Regeneration  Using  Oxygen 

82 *C  30  ma/cm2  3.7  M  H2SO4  -  0.2  M  HNO3 

Platinized  Pt  Cathode  1  wt  %  Surfactant, 

O2  Flow  15  cc/min 


Surfactant 

Regeneration  Efficiency 
Coulombs /Coulomb  Equivalent 
to  HNOi  Consumed 

Sodium  dodecyl  oxydlbenzene  dlsulfonate* 

24.0 

Sodium  dodecyl  oxydlbenzene  dlsulfonate 

28.0 

Sodium  dodecyl  oxydlbenzene  dlsulfonate 

13.3 

(higher  purity) 

Sodium  nonyl  oxydlbenzene  dlsulfonate 

35.0 

Sodium  nonyl  oxydlbenzene  dlsulfonate** 

40.4 

*  Reported  earlier  (1) 

**  0.4  M  HNO3,  1  wt  %  surfactant  added  In  middle  of  run 


Similar  runs  using  air  as  oxidant  however  showed  no  difference  In  regeneration 
efficiency  when  results  with  the  two  more  stable  compounds  were  compared.  In  both 
cases,  the  surfactants  were  not  completely  decomposed  and  a  stable  foam  layer  was 
maintained  after  consumption  of  the  available  HNO3.  Thus, using  air  as  oxidant  makes 
the  physical  stability  of  the  single  foam  bubbles  and  the  contacting  of  the  gases 
much  more  important  than  the  «'hemical  stability  of  the  surfactants. 
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In  the  same  runs, 
without  significant  effects 


surfactant  concentration  was  varied  from  0.05  to  1  wt  7. 
These  findings  are  tabulated  In  Table  B>3. 


Table  B-3 


Effect  Of  Stable  Surfactants  On  HNO-i  Regeneration  Using  Air 

82*0  30  met/cttfi  3.7  M  H2SO4  -  0.2  M  HNO3 

Platinized  Pt  Cathode,  Air  Flow  10  to  20  cc/mln 


Surfactant 

Regeneration  Efficiency 
Coulombs/ Coulomb  Equivalent 
to  HNOt  Consumed 

Sodium  dodecyl  oxydlbenzene  dlsulfonate  1  wt  % 

14.0 

Sodium  nonyl  oxydlbenzene  dlsulfonate  1  wt  % 

11.0 

Sodium  nonyl  oxydlbenzene  dlsulfonate  0.2  wt  % 

14.6 

Sodium  nonyl  oxydlbenzene  dlsulfonate  0.05  wt  % 

12.0 

Part  c  -  Effect  of  Fine  Powders 
on  Regeneration _ 

As  shown  above,  regeneration  with  air  was  mainly  limited  by  the  physical 
stability  of  the  foam.  To  Increase  this  stability,  extremely  fine  silica  powder 
was  added  to  the  electrolyte.  The  powder  (Cab-O-Sil  of  Cabot  Corp.)  had  0.010  to 
0.015  micron  particle  size  with  200  m^/gm  surface  area.  It  was  soaked  in  electro¬ 
lyte  solution  for  24  hours  prior  to  use.  The  optimum  concentration  In  the  electro¬ 
lyte  was  found  to  be  In  the  range  of  1  wt  7,.  VIhen  this  powder  was  used  alone,  a 
slight  Increase  In  the  regeneration  efficiency  due  to  Increased  surface  area  was 
obtained.  When  used  In  combination  with  surfactant  however,  a  large  synergistic 
effect  was  observed  and  the  number  of  regeneration  cycles  on  air  more  than  doubled 
from  11  to  25.  Table  B-4  Illustrates  these  results. 

Table  B-4 


Effect  Of  Fine  Silica  Powder  On  Regeneration 


82*C  30  ma/cm2  3. 7  M  H2SO4-O.2  M  10103 

Platinized  Pt  Cathode,  Air  Flow  15  to  20  cc/min 


Surfactant 

Silica 

Powder 

Regeneration  Efficiency 
Coulombs/Coulomb  Equivalent 
to  HNO')  Consumed 

None 

None 

2.1 

None 

1.0  wt  7, 

3.5 

Sodium  nonyl  oxydlbenzene  dlsulfonate,  1.0  wt  7. 

None 

11.0 

Sodium  nonyl  oxydlbenzene  dlsulfonate,  0.2  wt  7. 

1.0  wt  7. 

25.0 

25 


Parc  d  -  Effect  of  Increased 
Current  Penalty 

Two  rune  were  made  using  oxygen  at  93  and  72  ma/cm^  with  sodium  nonyl 
oxydibenzene  disulfonaCe  and  compared  with  corresponding  experiments  which  were  per¬ 
formed  at  30  ma/cm^  to  find  Che  effect  of  current  density  on  regeneration  efficiency. 

Operation  at  93  ma/cm^  proved  difficult  in  this  equipment  and  gave  poor 
results.  However,  the  regeneration  efficiency  at  72  ma/cm^  amounted  to  225  coulombs/ 
coulomb  equivalent  to  HNO3  consumed  as  compared  with  only  35.2  coulombs/coulomb 
equivalent  to  HNO3  consumed  at  30  ma/cm^.  These  results  are  presented  in  Table  B-5. 
This  increased  efficiency  was  probably  a  result  of  better  foaming  patterns  and  the 
fact  that  more  coulombs  pass  through  the  circuit  while  the  foaming  agent  is  being 
subjected  to  the  intense  oxidizing  atmosphere. 

Table  B-5 


Effect  Of  Current  Density  On  HMO-^  Regeneration 

82*C  30  ma/cm^  3.7  M  H2SO4  -  0.2  M  HNO3 

Platinized  PC  Cathode,  O2  Flow  20  Co  25  cc/mln 
1.0  wC  %  sodium  Nonyl  Oxydibenzene  DisulfonaCe 


Regeneration  Efficiency 

Current  Density 

Coulombs/Coulomb  Equivalent 

ma/cm^ 

Co  HNO*)  Consumed 

30 

35.2 

72 

225.0* 

93 

10.0 

*0.2  wt  %  sodium  nonyl  oxydibenzene  disulfonate 


Part  e  -  Effects  of  NaN03 
on  Regeneration 

Sodium  nitrate  was  tested  again  as  a  possible  inexpensive  and  easily  stor¬ 
able  substitute  for  HNO3.  When  added  to  H2SOA  it  forms  the  HNO3  required  for 
reduction  at  the  cathode.  Previously,  it  gave  slightly  lower  regeneration  efficien¬ 
cies  although  the  electrode  performance  was  comparable  to  HNO3.  With  the  improved 
technique  used  in  Che  current  tests,  it  performed  similarly  Co  HNO3  as  shown  in 
Table  B-6. 
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Table  B-6 


Effect  Of  NaMO^  On  1P^0‘^  Regeneration 

82 ‘C  30  ma/cm2  3.7  M  H2SO4 
Platinized  Pt  Cathodei  Air  Flow  12  cc/mln 


Nitrate  Source 

Surfactant 

Regeneration  Efficiency 
Coulombs /Coulomb  Equivalent 
to  HNO‘1  Consumed 

0.2  M  HNO3 

Sodium  dodecyl  oxydibenzene 

14.0 

disulfonate  1.0  wt  % 

0.2  M  NaN03 

Sodium  nonyl  oxydibenzene 

14.6 

disulfonate  0.2  wt  % 

Phase  2  -  HNO3  Regeneration, 

Engineering  Studies 

The  purpose  of  the  engineering  research  work  In  the  HNO3  regeneration 
study  has  been  to  develop  a  test  system  which  Is  similar  to  an  ultimate  compact 
fuel  cell.  This  system  must  fit  the  anticipated  requirements  of  the  ultimate  cell, 
particularly  compactness  and  simple  operation,  while  achieving  efficient  HNO3 
regeneration. 

An  external  regeneration  system  wherein  the  reduction  products  of  HNO3 
are  converted  to  HNO3  was  selected  as  the  most  promising.  This  type  of  system 
permits  compact  cell  design  since  the  space  required  for  regeneration  Is  external 
to  the  electrolyte  compartments.  It  also  minimizes  the  loss  of  performance  at  the 
nitric  acid  electrode  that  has  been  shown  to  occur  If  air  flows  along  the  electrode. 
Finally,  It  permits  a  lower  temperature  In  the  regeneration  chamber  which  favors 
more  efficient  HNO3  regeneration. 

Part  a  -  Experimental  System 

The  compact  experimental  Teflon  cell  and  external  regeneration  chamber 
are  shown  In  Appendix  B-2.  The  Teflon  cell  has  4  Inch  square  electrodes,  a  size 
adopted  as  a  standard  for  engineering  studies.  The  regeneration  chanber  is  a 
1  inch  diameter  by  6  inch  glass  tube  mounted  above  the  cell  and  connected  by 
3  ports.  A  similar  2  inch  diameter  tube  was  used  in  Initial  work,  but  results 
showed  that  the  larger  volume  was  not  used  effectively.  A  schematic  of  this 
system  is  shown  In  Figure  B-1. 
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Figure  B-1 


External  Regeneration  System 


Air  Is  Introduced  downward  through  an  Injector  mounted  at  the  top  of  the  cell  Just 
below  the  electrolyte  surface.  It  Is  mixed  with  NO  gas  which  Is  formed  at  the 
electrode  surface  by  virtue  of  the  electrochemical  reaction  of  HMO3.  The  gases 
pass  through  the  center  exit  port  Into  the  regeneration  chamber  which  contains  a 
packing  material  or  foam  generated  In  the  catholyte  by  the  addition  of  a  small 
amount  of  surfactant.  Nitric  acid  formed  In  the  chamber  drains  back  to  the  cell 
through  the  side  ports. 

Regeneration  efficiencies  were  measured  during  half  cell  tests  In  which 
the  cathode  was  an  80  mesh  or  a  150  mesh  platinum  screen  platinised  with  8  mg/cm^ 
of  platinum  black.  The  experimental  equipment  is  shown  In  detail  in  Appendix  B-3. 
The  tests  were  made  by  measuring  the  amount  of  HNO3  consumed  from  a  known  Initial 
charge  while  the  cell  was  operating  at  30  ma/cm^  for  a  given  time  interval.  The 
final  HNO3  concentration  was  determined  by  measuring  the  final  limiting  current 
In  the  cell.  The  relationship  between  limiting  current  and  HNO3  concentration  is 
shown  in  Appendix  6-4.  In  this  way  the  total  coulombic  output  of  the  half  cell  was 
compared  with  the  coulombs  equivalent  to  HNO3  consumed.  The  results  of  all  these 
tests  are  recorded  in  Appendix  B-5. 

Part  b  -  Electrode  Performance 

The  electrode  performance  was  measured  on  the  4  inch  square,  80  mesh 
electrode  at  82*C  with  1  wt  %  HNO3  in  30  wt  %  H2SO4.  The  electrode  was  polarized 
0.17  volts  from  theoretical  oxygen  at  30  ma/cm^  and  had  a  limiting  current  of 
160  ma/cm2.  These  results  agree  with  values  for  smaller  electrodes  used  in 
previous  laboratory  work.  The  complete  comparison  is  shown  in  Figure  B-2 . 
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Figure  B-2 

HNO3  Electrode  Performance 


With  air  Injection  at  the  top  of  the  catholyte  compartment,  there  was  no 
lose  In  the  HNO3  electrode  performance  due  to  stirring  at  air  flow  rates  from  0  to 
550  cc/mln<,  a  value  over  ten  times  the  stoichiometric  requirement. 

Part  c  ■  Limitations  In 

HWOt  Regeneration 

The  regeneration  of  nitric  acid  from  the  NO  gas  produced  at  the  electrode 
by  electrochemical  reduction  Involves  the  following  reactions. 

Oxidation;  2  NO  +  02-*‘2  NO2 

Hydrolysis;  3  NOj  +  H20-*»2  HNO3  +  NO 

Either  these  reactions  can  be  the  rate  determining  step  depending  on 
the  type  of  reg>  .eratlon  system.  An  added  limitation  of  holdup  can  occur  with  an 
external  regeneration  system.  This  results  when  regenerated  HNO3  Is  not  recycled 
from  the  external  chamber  to  the  cell  catholyte.  It  was  observed  In  tests  where 
a  dry  glass  wool  packing  was  used  In  the  chamber  so  that  any  HNO3  formed  was  held 
in  the  packing  by  capillary  forces.  Holdup  was  also  observed  without  packing 
when  a  foaming  agent  was  used.  With  gas  flow  from  all  exit  ports,  the  liquid 
recycle  to  the  cell  was  inhibited.  In  each  case,  regeneration  with  both  air  and 
O2  was  limited  to  approximately  2  coulombs/coulomb  equivalent  to  HNO3  consumed. 
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The  hydrolysla  limitation  was  observed  when  a  recycling  sparse  foam  was 
used  in  the  external  chamber*  This  sparse  foam  consists  of  large,  unstable  bubbles. 
The  small  surface  to  volume  ratio  of  the  bubbles  results  in  insufficient  capacity 
for  the  hydrolysis  reaction*  In  such  a  case  both  air  and  O2  were  observed  to  give 
approximately  4  regenerations. 

To  achieve  the  higher  regeneration  efficiencies,  it  is  necessary  to 
develop  a  system  in  which  the  rate  limiting  step  is  the  gas  phase  oxidation  of  NO. 
This  was  accomplished  by  using  a  recycling  sparse  foam  to  eliminate  holdup,  aug¬ 
mented  by  saturated  glass  wool  to  Improve  hydrolysis.  In  such  a  system,  regenera¬ 
tion  efficiencies  of  6  and  15  coulombs/coulomb  equivalent  to  HNO3  consumed  were 
measured  on  air  and  O2  respectively.  The  difference  in  performance  for  air  and  O2 
verifies  that  the  oxidation  reaction  was  limiting.  These  findings  are  summarized 
in  Table  B-7. 


Table  B-7 

Limitations  In  External  HNOt  Regeneration 


Limitations 

in  HNO.q  Regenerator 

Regeneration  Efficiency, 
Coulombs/Coulomb  Equivalent 

Co  HNO't  Consumed 

Nature 

Cause 

Air 

0? 

Holdup 

Unsaturated 

Packing 

1.2 

1.5 

Nonrecycling 

Sparse  Foam 

2.6 

2.2 

Hydrolysis 

Recycling 

Sparse  Foam 

4.4 

4.5 

Oxidation 

Saturated  Packing 
With  Surfactant 

6.2 

15.0 

Air  Flow  Rate  ■  1.4  -  1.5  Stoichiometric  Requirement 
O2  Flow  Rate  ■  7.0  -  7-5  Stoichiometric  Requirement 
Regeneration  Chamber  Temperature  >  75*C 


The  equilibrium  for  the  oxidation  reaction  is  shifted  in  the  direction  of 
Increased  NO 2  production  (4)  and  Che  specific  rate  constant  is  increased  (5)  by 
lower  temperatures.  Therefore  more  efficient  regeneration  should  be  attainable  at 
lower  temperatures.  Since  the  rate  expression  is 


rate  «•  k® 


where 

k®  >  specific  rate  constant 

Pq2  ■  partial  pressure  of  oxygen 

PjlO  **  partial  pressure  of  nitric  oxide 

the  reaction  rate  is  also  Increased  by  greater  O2  and  NO  pressures. 
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Part  d  -  Effect  of  Foam  Penalty 


In  the  initial  studiea  with  the  external  regeneration  system  using  sur¬ 
factant  as  a  foaming  agent,  the  air  injector  was  a  3/16  inch  diameter  by  3  inch 
Teflon  tube  with  10  small  holes,  diameter  ^  300  microns.  The  resulting  foam  has 
been  referred  to  as  a  "sparse  foam"  and  characterized  as  having  large,  unstable 
bubbles.  In  order  to  get  more  dense  foam  with  a  higher  surface  to  volume  ratio, 
the  Teflon  air  injector  was  replaced  with  a  similar  thin  wall  porous  glass  tube, 
pore  size  ■  10-20  microns.  The  tube  wall  was  1/16  inch  thick  which  permitted  air 
flow  rates  up  to  150  cc/min  at  less  than  1  psig,  approximately  3  times  the  stoichio¬ 
metric  requirement  at  30  ma/cm^.  With  the  smaller  pores  in  this  air  injector,  very 
dense  small  bubble  foams  were  produced  in  the  regeneration  chamber  using  0.5  wt  T. 
sodium  nonyl  oxydibenzene  disulfonate  as  a  foaming  agent  in  the  catholyte. 

The  regeneration  efficiency  was  increased  with  the  dense  foam.  The 
hydrolysis  limitation  which  restricted  efficiency  to  4.5  regenerations  with  both 
air  and  O2  in  the  case  of  the  sparse  foam  was  eliminated.  The  dense  foam  gave 
up  to  5.4  regenerations  on  air  and  8.6  regenerations  on  O2  at  a  temperature  of  75*C 
in  the  external  chamber.  In  addition,  the  rate  of  NO  oxidation  in  the  dense  foam 
was  increased  by  decreasing  the  foam  temperature  in  the  external  chamber  to  50*C. 
Regeneration  efficiency  improved  to  14.6  and  over  42  coulombs/coulomb  equivalent 
to  HNO3  consumed  for  air  and  O2  respectively.  These  results  are  sumnarized  in 
Table  B-8. 


Table  B- 8 


Effect  Of  Foam  Density  On  HN0'^  Regeneration  Efficiency 


Type 
of  Foam 

Temperature  in 
Regeneration 
Chamber 

Regeneration  Efficiency, 
Coulombs/Coulomb  Equivalent 
to  HNO')  Consumed 

Air 

07 

Sparse 

75*C 

4.4 

4.5 

Dense 

75 ’C 

5.4 

8.6 

50  *0 

14.6 

>42 

Air  Flow  Rate  "  1.5  -  2.0  Stoichiometric  Requirement 
O2  Flow  Rate  ~  7.5  -  10  Stoichiometric  Requirement 


In  the  tests  with  lense  foams,  the  capacity  of  the  recycle  system  was  not 
sufficient  to  give  a  true  value  for  the  regeneration  efficiency  by  the  standard 
procedure.  Thus,  it  was  necessary  to  discontinue  the  current  for  5  or  10  minutes 
every  hour  in  order  to  allow  the  regenerated  HNO3  to  drain  into  the  cell.  The 
results  of  these  extended  runs  showed  that  the  efficiency  increased  with  time  until 
the  final  steady  state  value  was  achieved.  At  air  flow  rates  greater  than  stoichio¬ 
metric  and  regeneration  chamber  temperatures  of  50*C  or  less,  the  efficiency 
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Increased  to  over  20  coulombs/ coulomb  equivalent  to  HNO3  consumed  after  about 
2  hours.  An  example  at  1.1  stoichiometric  air  flow  is  shown  in  Figure  B-3. 

Figure  B-3 


Effect  Of  Extended  Runs  On  Regeneration 
_ Efficiency  In  Dense  Foam _ 


Part  e  -  Effect  of  Air  Flow  Rate 

An  Important  variable  in  the  operation  of  the  final  methanol  •  air  cell 
will  be  the  air  flow  rate« since  it  affects  problems  of  heat  and  mass  transport. 
Therefore,  the  effect  of  air  rate  on  regeneration  efficiency  was  measured  in  order 
to  determine  the  sensitivity  required  for  control  and  possible  limitations  in  total 
cell  operation. 

Tests  were  made  in  both  sparse  and  dense  foams  and  it  was  found  that  the 
sensitivity  of  the  regeneration  efficiency  depended  on  the  type  of  foam.  For  the 
sparse  foam,  under  a  variety  of  operating  conditions,  the  efficiency  was  low  and 
had  a  sharp  maximum  of  about  6-8  regenerations  at  an  air  rate  of  l.A  times  the 
stoichiometric  requirement.  Variation  in  the  air  rate  of  +10%  resulted  in  little 
regeneration.  The  sharpness  of  this  maximum  was  somewhat  influenced  by  the 
reflux  rate  to  the  cell.  However  in  the  case  of  the  dense  foam,  the  efficiency  was 
much  greater  and  remained  constant  at  about  25  regenerations  at  air  flow  rates 
between  1  and  2  times  stoichiometric.  The  results  are  shown  in  Figure  B-4. 
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Figure  B-4 


Effect  Of  Air  Flow  Rate  On  HNO-^  Regeneration  Efficiency 


The  observed  behavior  for  the  sparse  foam  would  be  expected  from  a  con¬ 
sideration  of  the  rate  equation  for  NO  oxidation,  i.e. 

rate  -  k®  P02 

At  air  flow  rates  below  the  stoichiometric  requirement,  regeneration  is  low 
because  insufficient  O2  la  being  supplied  to  recover  all  of  the  NO.  At  very  high 
flow  rates,  the  increased  supply  of  O2  la  offset  by  dilution  with  N2  which  decreases 
the  partial  pressure  of  NO.  The  large  unstable  bubbles  in  the  sparse  foam  favor 
mixing  of  NO  and  air  which  would  account  for  this  general  type  of  behavior.  How¬ 
ever,  Che  fact  Chat  Che  maximum  occurs  at  1.4  stoichiometric  probably  results  from 
the  particular  design  of  Che  cell  and  regeneration  system. 

In  the  case  of  Che  dense  foam  the  reaction  bubbles  are  more  stable.  This 
results  in  less  thorough  mixing  and  the  partial  pressure  of  NO  is  maintained  at 
a  high  level.  The  result  is  that  at  air  rates  greater  than  stoichioaietric  the 
regeneration  process  is  not  sensitive  to  air  flow  rate. 
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4.3  Task  C.  The  Total  Cell 

Several  new  compact  fuel  cells  were  also  constructed  to  study  the  opera¬ 
tion  and  Interactions  of  these  components  In  a  complete  unit  cell.  The  major 
emphasis  of  the  work  during  the  past  six  months  has  been  aimed  at  studying  the 
performance  of  the  methanol  electrode  In  the  presence  of  the  alr-HN03  redox  system. 
Howeveri  half  cell  studies  were  also  made  In  these  new  units  to  help  determine  the 
nature  of  the  operating  problems. 

Phase  1  -  Construction  of  Compact  Fuel  Cell 

Briefly,  the  electrodes  In  the  new  cell  are  square,  four  Inches  on  the 
side,  permitting  the  use  of  more  efficient  feed  addition  and  product  removal  ports. 
The  square  design  facilitates  quick  modification  and  assembly.  Supports  In  the 
electrolyte  chambers  are  used  to  position  the  electrodes  and  membrane.  The  spacing 
between  the  electrodes  Is  easily  modified  by  use  of  selected  Teflon  spacers.  The 
new  compact  Teflon  cell  Is  Illustrated  In  Figure  C-1  and  Appendix  B-2. 


Figure  C-1 
New  Teflon  Fuel  Cell 
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Phase  2  -  Methanol  Electrode  Life  Studies 


The  compact  Teflon  cell  with  square  4"  x  4"  electrodes  was  set  up  as  a 
methanol  half  cell  using  a  direct  current  source  in  series  to  drive  the  cathode. 

The  purpose  of  this  setup  was  to  evaluate  long  term  electrode  performance  independ¬ 
ently  of  the  other  factors  that  affect  total  cell  operation.  This  was  necessary  to 
distinguish  between  effects  attributable  to  total  cell  interactions  and  those 
present  only  at  the  fuel  electrode.  In  addition,  this  cell  was  used  to  obtain 
engineering  information  needed  to  Improve  the  design  of  the  cell  and  its  components. 
A  total  of  six  long  term  performance  runs  were  made  in  addition  to  a  number  of 
short  term  electrode  washing  and  electrode  orientation  studies. 

Part  a  -  Initial  Methanol 

Electrode  Performance  Run 


All  of  the  methanol  electrode  performance  studies  were  carried  out  at 
about  50  ma/cm^  and  80*0  using  30  wt  X  H2SOA  containing  methanol  fuel.  The  HgSOA 
and  methanol  were  largely  commercial  grade.  In  these  runs  the  methanol  feed  and 
water  were  added  continuously  to  an  H2SO4  electrolyte  stream  being  recycled  through 
the  cell  in  a  manner  similar  to  that  shown  in  Figure  C-6.  Data  from  these  runs  are 
summarized  in  Appendix  C-1. 

The  first  experiment,  lasting  140  hours,  served  to  establish  the  opera¬ 
bility  of  the  cell  and  the  auxiliary  feed  system.  It  was  found  that  small  pressure 
fluctuations  in  the  exit  gas  streams  or  fuel  feed  resulted  in  voltage  losses  as 
high  as  50  mv.  Hence,  the  cell  was  modified  for  smoother  gas  exit  and  a  baffle 
plate  was  Installed  in  the  fuel  chamber  for  more  rapid  dispersal  of  fuel. 

With  these  modifications,  the  cell  was  successfully  operated  for  a 
scheduled  500  hour  period  using  commercial  grade  methanol.  The  methanol  reacted 
completely  to  CO2  and  H2O,  the  fuel  consumption  checking  the  number  of  coulombs 
produced  to  within  1%.  The  performance  of  the  electrode  gradually  decreased  with 
time  from  its  initial  polarization  of  0.62  volts  so  that  the  polarization  at  354 
hours  amounted  to  0.77  volts.  However,  the  technique  of  periodically  open  circuit¬ 
ing  the  cell  restored  a  large  fraction  of  the  performance.  The  results  of  this  run 
are  highlighted  in  Table  C-1. 


TABLE  C-  1 


Effect  Of  Constant  Current  And  Open  Circuiting  On  Polarization 


Constant  Current 

Open  Circuiting 

Run 

Polarization, 

Run 

Polarization, 

Hour 

Volts 

Hour 

Volts 

2 

0.65 

355 

0.67 

100 

0.66 

400 

0.69 

354 

0.77 

500 

0.70 

Subsequent  analysis  of  the  electrolyte  after  the  run  showed  that  the 
methanol  concentration  gradually  built  up  within  the  cell  from  2  vol  7^  to  9  vol  X. 
This  excess  occurred  as  a  result  of  a  slight  error  in  setting  the  feed  rate. 
Previous  data  indicated  that  increases  in  concentration  of  this  magnitude  would 
result  in  an  Increased  polarization.  This  appears  to  account  for  most  of  the 
polarization  Increase  that  was  not  corrected  by  open  circuiting  the  cell. 
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The  Initial  performance  of  the  platinum  black  electrode  uaed  In  the 
first  run  was  about  50  mv  below  the  Value  usually  obtainable.  Hence,  It  was 
desired  to  employ  an  electrode  with  normal  Initial  activity.  Consequently,  other 
attempts  at  a  long  run  were  made  with  electrodes  having  higher  Initial  activity  in 
which  closer  control  of  the  methanol  feed  rate  was  maintained.  In  these  runs 
operability  was  poor  as  evidenced  by  severe  voltage  oscillations.  These  runs  were 
terminated  after  120-200  hours  because  of  external  failures  of  the  feed  pump  and 
heat  controller.  In  view  of  the  operability  problems  a  series  of  short  tests  were 
made,  designed  to  aid  In  in^rovlng  performance  of  the  cell. 

Part  b  -  Electrode  Washing  Studies 

In  the  first  of  these  tests  an  electrode  not  showing  normal  activity 
was  washed  continuously  with  fresh  electrolyte  solution  in  an  attempt  to  attain 
normal  activity.  The  electrode  consisted  of  80  mesh  platinum- rhodium  screen, 
freshly  coated  with  8  mg/cm^  of  platinum  black,  and  separated  from  the  direct 
driven  cathode  by  an  AMFlon  C313  membrane.  The  C313  membrane  was  pretreated  in 
H2SO4-HNO3  solution  at  80*C  to  remove  harmful  Impurities.  The  electrolyte  solution 
In  the  tests  consisted  of  1  vol  %  methanol  In  30  wt  %  H2SO4.  The  polarization  was 
observed  while  pumping  the  electrolyte  solution (500  ml/hour )once- through  the  cell 
at  82 *C  and  a  current  density  of  50  ma/cm^. 

Normal  activity  of  the  electrode  was  attained  after  washing  it  with 
about  1.5  liters  of  the  electrolyte,  as  evidenced  by  a  reduction  in  polarization 
from  0.60  to  0.54  volts.  This  washing  improvesient  is  shown  in  Figure  C-2.  Detailed 
data  are  given  In  Appendix  C-2. 


Figure  C-2 

Effect  Of.  Washing  On  Electrode  Polarization 
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In  other  similar  washing  tests,  a  150  mesh  electrode  prepared  two 
months  earlier  and  stored  in  water  had  normal  activity.  A  second  freshly  platinised 
80  mesh  electrode  required  washing  to  attain  normal  activity.  These  data  suggest 
that  some  impurity  left  from  the  platinum  black  electrodeposition  step,  such  as 
chloride,  is  removed  by  washing  the  electrode. 

Part  c  -  Electrode  Orientation  Studies 

A  series  of  tests  was  made  with  52,  80  and  150  mesh  size  electrodes, 
which  were  tilted  at  various  angles  to  determine  the  Influence  on  the  voltage 
oscillation.  All  of  the  tests  were  made  at  82*C  and  50  ma/cm^  using  1  vol  % 
methanol  in  30  wt  X  H2S04*  The  52  mesh  electrode  showed  the  smallest  oscillations 
of  5  to  10  millivolts  compared  with  50  to  60  millivolts  using  the  80  and  150  mesh 
screens.  The  data  are  summarized  in  Table  C>2  and  given  in  detail  in  Appendix  C-3. 


TABLE  C-2 


Effect  Of  Electrode  Mesh  On  Voltage  Oscillation 


Electrode  Mesh 

52 

80 

150 

Mesh  Opening,  mils 

15.2 

9.5 

4.7 

Millivolts  Oscillation 
At  Methanol  Electrode 
In  Vertical  Position 

5- 10 

60 

50-60 

1  vol%  methanol  in  30  wt%  H2SO4  at  82 *C  and  50 
ma/cm2. 


Tilting  the  cell  by  more  than  nine  degrees  with  the  80  mesh  electrodes  reduced  the 
oscillations  by  approximately  two  thirds.  The  150  mesh  electrode  showed  no  oscil¬ 
lation  at  an  18  degree  tilt  face  up  and  also  a  two  thirds  reduction  face  down. 

This  effect  is  shown  In  Table  C-3  ,  Detailed  data  are  given  in  Appendix  C- 4  , 


TABLE  C-3 


Effect  Of  Electrode  Orientation  On  Voltage  Oscillation 


Orientation 

Millivolts  Oscillation 

At  Methanol  Electrode 

80  Mesh  Electrode: 

VERTICAL 

60 

9*  tilt  face  up 

62 

18*  tilt  face  up 

15 

26*  tilt  face  up 

20 

150  Mesh  Electrode: 

VERTICAL 

50-60 

18*  tilt  face  up 

None 

18*  tilt  face  down 

20 

Ivol  7.  methanol  in  30%  H2SO4  at  82*C  and  50  ma/cm^. 
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As  a  result  of  these  tests  it  Is  evident  that  these  observed  voltage 
oscillations  were  caused  by  trapping  of  the  escaping  CO2  product  from  the 
electrode.  The  trapping  of  gas  between  the  electrode  and  membrane  was  attributed 
to  warping  of  the  AMFlon  G313  membrane  after  installation.  Thus,  a  firm  packaging 
of  electrodes  against  the  membrane  was  found  necessary  to  eliminate  the  gas>caused 
voltage  oscillations. 

Part  d  -  Electrode  Current 
Collection  Studies 

Polarization  measurements  were  made  on  the  methanol  electrode  at  various 
points  to  determine  if  current  collection  was  a  problem  in  obtaining  the  best  per¬ 
formance.  The  measurements  were  made  on  an  80  mesh  electrode  at  50  ma/cvfi  and  82*C 
with  1  vol  7.  methanol  in  30  wt  %  H2SO4.  The  current  collector  was  a  1  mil  by  3/16" 
wide  platinum  sheet  placed  peripherily  on  the  electrode.  The  polarization  from 
bottom  to  top  of  the  electrode  varied  by  0.16  volts  as  shown  in  Figure  C-3.  This 
voltage  difference  varied  in  a  linear  fashion  with  current  showing  the  nature  of 
the  voltage  loss  to  be  ohmic.  The  gas  rejection  oscillation  region  was  evident 
from  about  one  inch  from  the  bottom  to  the  top  of  the  cell. 

Figure  C-3 

Voltage  Variation  Across  Electrode 


Inches  From  Bottom  of  Electrode 

Varying  the  screen  mesh  and  hence  the  wire  diameter  Influenced  the  volta^ 
drop  across  the  electrode.  The  52  mesh  screen  showed  0.10  volts  loss  compared  to 
0.16  and  0.12  volts  for  80  and  150  mesh  screens,  respectively.  These  data  suasaarized 
in  Table  C-4  suggested  that  some  voltage  loss  occurred  in  the  wires  of  the  screen  and 
that  this  was  a  factor  in  current  collection. 
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TABLE  C-4 


Effect  Of  Electrode  Mesh  On  Electrode  Voltage  Drop 


Electrode  Mesh 

52 

80 

150 

Wire  Diameter,  mils 

4 

3 

2 

Electrode*,  Volts 

0.10 

0.16 

0.12 

*  Using  0.001"  thick  x  3/16"  wide  platinum  sheet 
around  periphery  of  4"  x  4"  square  electrode. 


The  size  of  the  current  collector  was  Increased  to  show  the  influence  of 
better  current  collection  on  voltage  loss  across  the  electrode  while  operating  at 
50  ma  IcBT  and  82*C.  A  larger  gold  sheet  reduced  the  voltage  loss  about  50%  to 
82  millivolts.  The  conventional  platinum  collector  provided  with  a  center  cross 
design  for  contact  at  five  points  on  the  electrode  reduced  the  voltage  loss  to  about 
45  millivolts.  These  datig  sunmarized  in  Table  C-5,  show  that  proper  current  col¬ 
lection  is  Important  for  obtaining  best  fuel  cell  performance.  Detailed  data  are 
given  in  Appendix  C-3. 


TABLE  C-5 


Effect  Of  Current  Collector  On  Electrode  Voltage  Drop 


Electrode  Mesh 

80 

Volts  IR  Drop  Using 

A  Collector  Of: 

0.001"  X  3/16"  Pt  Sheet  Around  Periphery 

0.16 

0.002"  X  1-1/2"  Au  Sheet  Around  Periphery 

0.082 

0.001"  X  3/16"  Pt  Sheet  Around  Periphery 

Plus  Five  Center  Contacts 

0.045 

Part  e  •  Long  Term  Methanol 

Electrode  Performance 


In  view  of  the  tests  on  electrode  washing,  voltage  oscillation,  and  cur¬ 
rent  collection,  the  cell  assembly  was  modified  for  the  test  of  the  behavior  of  the 
methanol  electrode  under  long  term  operation.  Modification  of  the  assembly  involved 
using  a  stable  Ionics  CR-61  membrane.  Installation  of  a  good  current  collector  and 
packaging  with  the  electrodes  firmly  in  place  on  each  side  of  the  membrane.  Also  a 
vacuum  tube  controlled  relay  shut  off  was  provided  in  case  some  failure  resulted  in 
excessive  electrode  polarization. 

The  long  term  test  was  begun  using  platinum  electrodes  at  50  ma/cm^  and 
82*C  with  1  vol  %  conmercial  grade  methanol  in  30  wt  %  commercial  grade  H2SO4.  A 
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direct  current  source  was  used  to  drive  the  cathode*  Good  control  of  the  methanol 
was  achieved  by  matching  feed  rate  of  the  methanol  to  Its  utilization  and  loss. 

After  813  hours  of  continuous  operation* without  any  equipment  failures*  the  polari¬ 
zation  was  0.65  volts  versus  0.58  volts  normal  activity  at  the  beginning  of  the  run. 
Furthermore*  open  circuiting  for  a  few  seconds  Improved  the  polarization  by  30 
millivolts  to  0.62  volts  polarization.  Detailed  data  are  given  In  Appendix  C-1. 

During  this  run  the  same  H2SO4  was  recycled  through  the  cell  with  continuous  methanol- 
water  addition.  When  about  1000  hours  running  time  Is  attained,  the  catalyst  will 
be  tested  for  activity  with  fresh  electrolyte-methanol  solutions. 

Part  f  -  Material  Balances  on 
the  Long  Term  Test 

During  the  long  term  methanol  electrode  performance  runs*  material  and 
electrochemical  balances  were  made.  These  tests  confirmed  the  fact  that  the 
methanol  Is  electrochemlcally  oxidized  completely  to  C02.  The  methanol  and  water 
In  the  CO2  exhaust  was  determined  by  condensing  the  liquid  In  this  gas  stream  and 
measuring  Its  composition.  This  was  compared  with  the  methanol  content  of  the 
electrolyte.  The  methanol  concentration  In  the  exhaust  condensate  was  In  agreement 
with  literature  equilibrium  data  (6)  at  82*C  as  shown  In  Appendix  0-4*  The  amount 
of  methanol  condensed  from  the  CO2  exhaust  averaged  slightly  higher  than  that  cal¬ 
culated  for  normal  saturation  at  82*C  (Figure  C-4).  This  Is  probably  attributable  to 
entrainment.  The  total  methanol  In  the  CO2  exhaust  amounted  to  about  three  pounds 
per  hundred  pounds  of  methanol  reacted  electrochemlcally  when  operating  with  1  vol  % 
methanol  In  the  electrolyte. 


Figure  C-4 

Methanol  Condensed  From  CO2  Exhaust  Stream 
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Part  g  -  Performance  of  the 

Electrode  Aa  a  Methanol  Barrier 


During  the  long  term  methanol  half  cell  run,  analyses  for  methanol  content 
were  obtained  on  both  the  anolyte  and  catholyte  sides  of  the  cell  to  determine  the 
Influence  of  electrochemical  reaction  on  the  diffusion  of  methanol  to  the  opposing 
compartment.  This  Is  Important  In  a  total  cell  using  the  alr-HIK)3  redox  system 
since  any  methanol  escaping  to  the  cathode  side  would  be  lost  by  chemical  oxidation 
to  C02« 


The  analyses  confirmed  that  the  electrochemical  reaction  at  the  80  mesh 
electrode  significantly  reduces  the  methanol  content  at  the  air  electrode.  At 
50  ma/cm^  methanol  escape  through  the  electrode  Is  nil  when  using  1  vol  X  methanol 
In  H2SO4.  With  3  vol  X  methanol  In  the  H2SO4,  about  1.5  vol  %  methanol  Is  found  In 
the  catholyte  after  establishment  of  equilibrium.  These  results  sunmiarlzed  In 
Figure  C*5,  are  In  good  agreement  with  the  previous  predictions  (1).  Detailed  data 
are  given  In  Appendix  C-1. 


Figure  C-5 

Methanol  Concentration  Across  Electrode 
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Methanol  In  Anolyte,  vol  X 
Phase  3  -  Total  Cell  Operation 

The  new  Teflon  test  cell  (Figure  C>1)  together  with  feed,  monitor,  and 
control  systems  was  assembled  for  testing  the  combined  methanol  and  alr-HN03  redox 
electrodes.  The  equipment  flow  plan  Is  shown  schematically  in  Figure  06  and  further 
details  are  given  in  Appendix  C-5. 
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Total  Fuel  Cell  Schematic 


See  Appendix  C>  5  For  Equipment  Details 


The  cell  was  assembled  using  the  best  techniques  developed  In  the  previously 
described  structure.  Very  tight  packing  of  the  electrodes  and  meiabranes  was  made  in 
order  to  eliminate  the  voltage  oscillations  due  to  fluctuations  in  pressure  caused  by 
AMFlon  electrolyte  circulation  and  gas  rejection.  The  AMFion  C313  membrane  was  found 
to  buckle  sufficiently  to  permit  CO2  interference  with  ionic  conductance  and  was  re« 
placed  with  an  Ionics  CR-61  cation  sulfonated  polystyrene  membrane.  Finally, 
current  collection  was  further  lnq>roved  by  increasing  the  thickness  of  the  col¬ 
lectors  and  the  number  of  contact  points  with  the  electrodes.  A  controller  to 
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regulate  the  rate  of  fuel  addition  to  the  cell  was  built  and  tested.  The  con* 
troller  was  designed  to  maintain  a  desired  fuel  concentration  within  the  cell  by 
adding  fuel  at  a  rate  proportional  to  the  current.  The  circuiting  Is  shown  in 
Appendix  C-  6. 

Part  a  -  Electrical  Performance 

The  new  compact  Teflon  unit  was  tested  as  a  total  cell  for  the  methanol 
and  alr-HN03  redox  systemsto  determine  electrical  performance.  The  tests  were  made 
at  82*C  using  1  vol  %  methanol  in  30  wt  %  H2SO4  anolyte  and  1  wt  %  HNO3  In  30  wt  % 
H2SO4  catholyte  with  air  regeneration.  Currents  up  to  95  ma/cm2  were  drawn  from 
the  cell.  At  50-60  ma/cm^  about  15  mwatts/cm^  of  power  was  obtained  at  the  cell 
terminals  as  shown  in  Figure  C-7.  This  power  production  was  about  50%  greater 
than  obtained  In  the  earlier  cell  previously  reported  (1).  The  power  at  50  ma/cm^ 
was  short  of  expectations  by  about  5  mwatts/cm^  due  to  greater  IR  losses  and  below 
normal  anode  activity.  The  detailed  data  are  presented  in  Appendix  C-7. 

Figure  C-7 

Total  Cell  Power  Versus  Current  Density 


The  IR  loss  In  the  new  compact  cell  was  considerably  improved  over  the 
previous  cell.  At  50  ma/cm2  the  IR  loss  was  0.03  volts  when  using  the  5.6  mil 
AMFion  C313  membrane  close  packed  between  the  electrodes  versus  0.17  volts  In  the 
previous  cell.  The  Ionics  21  mil  CR-61  stable  membrane  showed  an  IR  loss  of  0.05 
volts  as  shown  in  Figure  C-S. 
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IR  Loss,  Volts 


Figure  C-8 


IR  Loss  In  Total  Fuel  Cell 


Part  b  -  OptlmuM  Electrolyte  Composition 

The  effect  of  H2SO4  copcentration  on  the  performance  of  the  methanol 
electrode  had  been  studied  extensively.  However,  additional  data  was  needed  on  its 
effect  on  the  performance  of  the  HN03-air  electrode  in  order  to  determine  the 
optimum  acid  concentration  for  a  complete  cell.  Therefore  a  platinized  Pt  electrode 
was  tested  with  1  wt%  HNO3  over  a  range  of  20  to  60  wt%  H2SO4.  These  data,  cost- 
blned  with  the  data  on  the  performance  of  the  methanol  electrode,  were  used  to 
evaluate  the  effect  of  changing  acid  concentration  in  the  total  cell  voltage. 

Combining  these  data  and  using  a  typical  experimentally  measured  cell 
resistance  of  0.5  ohm-cm^,  it  was  calculated  chat  the  optimum  is  obtained  at  30  to 
35  wt%  H2SO4.  Furthermore,  there  was  a  wide  plateau  of  acid  concentrations  in  which 
voltage  decreased  by  less  than  20  mv  from  the  maximum.  Therefore,  30  wt%  H2SO4  will 
continue  to  be  the  electrolyte  acid  concentration.  These  results  are  shown  in 
Table  C- 6  and  detailed  data  arc  presented  in  Appendix  C-8. 
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TABLE  C-6 


» 


Effect  Of  Acid  Concentration  On  Cell  Performance 


Current 

H2SO4  Range 

H2SO4  wt% 

Density 

For  20  mv 

For  Maximum 

ma/cm^ 

Change.  wt% 

Cell  Voltage 

50 

29-43 

30 

100 

23-53 

35 

Part  c  -  Effect  Of  Cell 

Materials  On  Performance 


As  previously  reported  (1  )>  harmful  Impurities  can  be  removed  from  AMF- 
lon  C313  membranes  by  pretreatment  In  H2S04*HN03  mixtures.  Two  total  cells  were 
assembled  to  test  the  effect  of  this  treatment  on  the  membrane  conductivity  and  to 
evaluate  the  total  IR  loss  to  be  expected  between  the  fuel  and  air  electrodes. 

Cell  performance  was  measured  at  82 ^C  In  30  wt%  H2SO4  >  1  wt%  HNO3.  In  one  cell 
with  a  60  mil  separation  between  electrodes,  IR  loss  at  30  ma/cm2  amounted  to  0.06 
volts.  This  was  In  agreement  with  earlier  values  obtained  using  untreated  membranes. 
The  second  cell  with  an  electrode  separation  of  35  mils  was  surprisingly  better, 
giving  an  IR  loss  of  less  than  0.02  volts  at  55  ma/cm2.  In  any  event  the  removal 
of  impurities  from  the  membrane  does  not  impair  their  conductivity  and  therefore 
the  total  cell  IR  loss  does  not  appear  to  be  a  serious  problem. 

Part  d  -  Development  Of  New  Materials 

Tests  were  made  of  the  ability  of  thin  gold  coatings  to  protect  base 
structural  materials  against  electrochemical  attack.  Gold-coated  250  mesh  stainless 
steel  screen  and  a  Cu-Sn  electrode  consisting  of  1  mil  diameter  tubes  of  30  mil 
length  bonded  together  were  tested  as  fuel  electrodes.  The  electrodeposition  of  Pt 
black  catalyst  on  these  electrodes  resulted  In  some  corrosion,  probably  resulting 
from  chemical  attack  of  the  gold  by  the  evolved  Cl2*  Further  corrosion  occurred 
during  their  testing  because  of  anodic  dissolution  of  the  underlying  base  metals. 
Data  on  the  total  cell  testing  of  the  gold  coated  250  mesh  stainless  steel  screen 
are  given  in  Appendix  C-7 . 
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SECTION  5 


CONCLUSIONS 


5.1  Task  A,  Fuel  Electrode 

Phase  1  -  Catalyst  Performance  Studies 
And  New  Preparative  Techniques 

The  use  of  NaBH4  reduction  to  Incorporate  other  noble  or  base  metals  Into 
Ft  has  the  same  effect  as  was  previously  found  using  electrodeposition.  Both  Tafel 
slopes  and  exchange  currents  Increase.  However,  they  generally  compensate  each 
other  so  that  over-all  activity  Is  not  appreciably  Improved.  Furthermore,  the 
kinetic  parameters  can  be  varied  widely  so  that  It  appears  that  the  Incorporation 
of  other  metals  Into  Pt  might  produce  less  expensive  catalysts  of  comparable 
activity. 


This  characteristic  Is  not  universal,  since  other  metals  respond 
differently  when  combined  with  noble  or  base  metals.  They  can  be  poisoned  com¬ 
pletely  or  not  affected  by  the  same  metals  which  cause  large  changes  In  the 
kinetic  parameters  of  Pt.  The  reasons  for  these  effects  have  not  been  completely 
defined,  but  are  probably  electronic  in  nature,  producing  changes  in  the  d-band 
structures,  work  functions,  electrocapillary  maxima  or  other  properties  of 
catalysts. 


A  new  catalyst  system  proved  to  be  significantly  more  active.  It  not 
only  represents  the  most  active  catalyst  yet  prepared  for  the  electrochemical 
oxidation  of  CH3OH,  it  also  shows  that  the  compensating  effect  of  increasing  Tafel 
slope  accompanied  by  increasing  exchange  current  does  not  always  prevent  improved 
catalytic  activity  at  practical  current  densities. 

Sodium  borohydrlde  failed  to  reduce  a  number  of  metals,  hence  more  active 
reducing  methods  were  sought.  However,  better  compounds  were  not  found.  Sodlimi 
borohydrlde  Is  still  the  most  active  reducing  agent  available  to  date  and  gives 
catalysts  of  similar  performance  when  used  In  aqueous  or  nonaqueous  solutions. 

Phase  2  -  Alloy  Formation 

The  wide  variety  of  catalysts  produced  is  apparently  a  direct  result  of 
the  fact  that  the  reduction  of  mixed  metal  salt  solutions  by  NaBH^  produces  finely 
divided  alloy  powders.  Alloying,  and  not  merely  physical  mixing,  is  necessary  to 
produce  roost  of  the  catalyst  performance  changes  demonstrated.  Its  great  utility 
lies  In  the  fact  that  It  Is  a  low  temperature  process  that  works  with  a  large 
number  of  metals. 

PhasesS  and  4  -  Performance  Of  Heterogeneous  Mo 
Containing  Catalysts;  Mechanism 
Of  The  Pt-Mo  Catalysts _ 

Limiting, low  polarization  current  densities  of  up  to  4  ma/cm^  are  attain¬ 
able  with  CH3OH  on  Pt-Mo  electrodes  while  HCHO,  the  most  active  fuel,  can  give  from 
32  to  64  ma/cm^.  It  has  not  been  possible  to  increase  this  current  or  prevent  the 
irreversible  performance  loss  at  higher  current  densities.  Unless  further  improve¬ 
ments  can  be  made  the  Pt-Mo  heterogeneous  system  will  not  be  of  practical  utility 
for  CH3OH. 
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Solutions  of  Mo  used  with  Pt  or  Pt  +  Au  catalysts  and  HCHO  fuel  give  low 
polarization  current  densities  of  200  ma/cm^  or  more.  Methanol  gives  only  the  low 
current  density  performance  of  the  heterogeneous  catalyst  system.  Under  certain, 
as  yet  undefined  conditions,  the  performance  with  HCHO  Is  reversible,  giving  a 
system  that  under  special  clrctsnstances  might  have  some  practical  significance. 

The  Mo- fuel  reaction  In  both  cases  appears  to  be  a  surface  redox 
mechanism.  Adsorbed  Mo'*'^  Is  reduced  by  the  fuel  to  adsorbed  Mo'*'^,  with  the  pro¬ 
duction  of  CO2.  Electrochemical  oxidation  of  the  MC^S  then  restores  the  Mo***”. 
Failure  of  the  system  occurs  when  the  Mo'*'^  Is  desorbed  and  replaced  on  the  catalyst 
surface  by  the  more  readily  adsorbed  fuel. 

Phase  5  -  Further  Mechanism  Studies  With  Pt 

The  oxidation  of  CH3OH  on  ordinary  Pt  surfaces  appears  to  be  adsorption 
limited.  However  a  freshly  reduced  surface  is  Instead  limited  only  by  the 
diffusion  of  fuel  to  it. 


5.2  Task  B,  Air  Electrode 

Phase  1  -  HNO3  Regeneration, 

Laboratory  Studies 

Practical  levels  of  HNO3  regeneration  with  air,  namely  20  coulombs/ 
coulomb  equivalent  to  HNO3  consumed,  appear  attainable  through  the  use  of  packings 
or  foaming  agents  to  Improve  contacting  of  the  HNO3  reduction  products  with  O2  and 
H2O.  The  previous  limitation  caused  by  degradation  of  the  foaming  agent  has  been 
partially  overcome  by  the  use  of  moze  stable  surfactants. 

The  regeneration  efficiency  can  be  further  Increased  through  the  use  of 
high  surface  area  silica  particles  In  combination  with  the  foaming  agent  to 
augment  contacting.  Furthermore,  Increased  current  density  does  not  Impair  and 
In  fact  appears  to  Improve  the  efficiency. 

NaN03  continues  to  look  like  a  convenient  substitute  for  HNO3.  It  is 
more  easily  transported  and  there  is  no  resulting  loss  In  electrode  performance 
or  regeneration  efficiency. 

Phase  2  -  HNO3  Regeneration, 

Engineering  Studies 

Engineering  studies  with  the  HNO3  redox  system  show  that  both  the 
electrochemical  reduction  and  chemical  regeneration  reactions  can  be  carried  out 
successfully  in  a  practical  cell  with  an  external  regeneration  chamber.  Electro¬ 
chemical  performance  agrees  with  values  obtained  on  smaller  laboratory  electrodes. 
In  addition,  performance  loss  due  to  air  Injection  Is  eliminated  by  diverting  the 
air  flow  away  from  the  electrode  surface.  Holdup  and  hydrolysis  limitations  In 
the  external  chamber  can  be  avoided  by  proper  design  of  the  system.  Furthermore, 
the  regeneration  target  of  20  coulombs/coulomb  equivalent  to  HNO3  consumed  and  a 
low  sensitivity  to  air  flow  rate  can  be  achieved  In  this  type  of  system  through  the 
use  of  dense  foams  and  cooling  of  the  regeneration  chamber. 
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5.3  Task  C.  The  Total  Cell 

Phases  1  and  2  -  Construction  of  Compact  Fuel 

Cell;  CH^OH  Electrode  Life  Studies 

A  compact  celli  designed  for  evaluating  both  cell  components  and  total 
cell  operations  has  been  tested  to  a  point  where  It  now  has  the  desired  degree  of 
reliability,  ease  of  handling,  freedom  from  extraneous  Impurities  and  low  electronic 
and  electrolytic  IR  losses. 

Long  term  tests  of  the  platinized  platinum  fuel  electrode  showed  that  Its 
performance  could  be  maintained  for  extended  periods  (e.g.  over  800  hours)  without 
a  significant  loss  In  performance  providing  very  careful  control  Is  maintained  on 
the  CH3OH  concentration  In  the  anolyte  and  the  cell  Is  periodically  open  circuited 
for  several  seconds.  The  reaction  goes  completely  to  002*  The  CH3OH  loss  In  the 
CO2  exhaust  when  used  In  1  vol  %  concentration  amounted  to  about  3  %  of  the  CH3OH 
used.  However,  most  of  this  Is  probably  recoverable  by  air  condensation  at  ambient 
conditions.  In  addition,  the  fuel  electrode,  as  expected,  prevented  the  transfer  of 
CH3OH  to  the  cathode. 


Phase  3  -  Total  Cell  Operation 

The  new  cell  design  and  the  necessary  auxiliaries  operated  satisfactorily. 
In  preliminary  tests  In  the  cell,  current  densities  up  to  95  ma/cm^  were  drawn  and 
15  mw/cm^  were  obtained  at  the  terminals.  However,  this  performance  can  be 
Improved  upon  because  resistance  of  the  membrane  separator  used  was  high  and  the 
fuel  electrode  exhibited  below  normal  performance.  However,  even  this  performance 
Is  high  enough  to  permit  study  of  total  cell  performance  variables. 

Further  evaluations  of  the  effect  of  H2SO4  concentration  shows  that  30  wt  % 
H2SO4  Is  optimum,  but  not  critical,  since  a  10  wt  %  H2SO4  change  In  either  direction 
results  In  only  a  20  mv  loss  In  performance. 
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SECTION  6 


OVER- ALL  CONCLUSIONS 


During  the  contract  period  work  has  been  carried  out  on  the  performance 
and  compatibility  of  the  major  components  of  a  soluble  carbonaceous  fuel  -  air  fuel 
cell.  These  studies  have  resulted  In  both  Improved  performance  and  a  greater 
understanding  of  the  processes  Involved.  The  following  represent  the  highlights 
of  this  work. 

Fuel  Selection 

Methanol  was  selected  as  the  prime  fuel.  It  proved  to  have  such  advan¬ 
tages  over  other  oxygenated  hydrocarbons  as  highest  reactivity,  lowest  polarization 
under  long  term  operation,  and  lowest  cost.  Its  two  Inherent  disadvantages,  a  high 
vapor  pressure  and  a  poisoning  effect  on  the  air  electrode  were  circumvented  by 
reducing  the  concentration  at  the  anode  to  tolerable  limits.  Its  concentration  In 
the  catholyte  was  further  reduced  by  designing  the  anode  so  that  most  of  the  fuel 
Is  reacted  within  Its  structure. 

Fuel  Electrode  Catalysts 

The  severe  polarization  occurlng  at  the  CH3OH  electrode  was  the  greatest 
source  of  voltage  loss.  Efforts  directed  toward  finding  a  catalyst  more  active  than 
platinum  and  yet  stable  In  H2SO4  have  uncovered  a  variety  of  such  catalyst  composi¬ 
tions.  Included  are  Pt-Fe,  Pt-Mo,  and  a  proprietary  catalyst  first  prepared  with 
corporate  funds.  These  catalysts  have  activities  up  to  150  mv  better  than  Pt. 

In  addition,  a  life  study  of  about  800  hours  on  a  Pt  electrode  showed  that  efficiency 
is  essentially  unimpaired  if  the  cell  is  occasionally  open  circuited  for  several 
seconds  and  the  CH3OH  concentration  within  the  cell  is  closely  controlled. 

HNO3  Redox  Air  Electrode 

The  air  electrode  being  developed  is  a  redox  system  based  on  the  electro¬ 
chemical  reduction  of  a  small  quantity  of  HNO3  dissolved  in  the  electrolyte.  Air 
is  used  indirectly  for  chemically  regenerating  HNO3.  Its  advantage  lies  in  the 
prospects  for  low  polarization  and  long  life.  Its  major  problems  were  ensuring 
efficient  HNO3  regeneration  and  establishing  the  compatibility  of  HNO3  and  its 
reduction  products  with  the  fuel  electrode.  Regeneration  efficiencies  with  air  of 
about  30  coulombs/ coulomb  equivalent  to  HNO3  consumed  were  achieved  in  a  practical 
cell  configuration.  In  addition  the  tolerance  levels  for  HNO3  and  CH3OH  were 
determined  and  shown  to  be  usable  for  efficient  cell  operation. 

The  Operation  Of  A  Complete  Cell 

A  variety  of  complete  cells  have  been  built  and  tested  in  experiments 
ranging  in  duration  from  3  to  35  hours.  Good  agreement  was  found  when  the  results 
were  compared  with  half  cell  studies.  Considerable  improvements  have  been  made  in 
their  performance  and  reliability.  Current  densities  as  high  as  95  ma/cm^  have  been 
achieved.  Furthermore,  power  outputs  of  32  raw/cm^,  ex  IR  losses  and  15  raw/ cm^  at 
the  terminals  have  been  obtained  with  the  expectation  of  higher  performance  levels 
in  the  foreseeable  future. 
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SECTION  7 


RECOMMENDATIONS 


The  work  during  this  contract  period  has  been  directed  at  research  and 
analyses  of  problems  associated  with  the  development  of  a  single  fuel  cell  rather 
than  In  developing  or  building  battery  systems.  The  major  efforts  have  concentrated 
on  Improving  the  performance  of  Individual  cell  components  and  translating  the 
results  Into  compatible  electrode-electrolyte  systems  In  an  actual  operating  cell. 

It  Is  recommended  that  such  Investigations  continue.  However,  work  should  also 
begin  on  the  development  of  multiple  cell  systems.  These  should  not  be  finished 
assemblies,  but  Instead  they  should  be  rudimentary  packages  designed  to  evaluate 
the  performance. 

Therefore  the  following  objectives  should  be  pursued  : 

Fuel  Electrode  Research 

Although  significant  progress  has  been  made  In  developing  Improved 
catalysts,  this  still  should  be  the  area  where  the  largest  Increases  In  cell  effi¬ 
ciency  can  be  made.  Higher  activities  and  Improved  temperature  response  remain 
desirable  goals.  Thus  the  compositing  and  testing  of  new  catalyst  compositions  merit 
further  efforts.  It  also  Is  expected  that  problems  In  maintaining  long  term  activity 
would  arise  during  the  work  In  the  unit  and  multiple  fuel  cell  packages  and  will 
require  further  basic  research. 

Air  Electrode  Research 


Assuming  the  HNO3  redox  electrode  development  continues  to  be  successful, 
the  major  efforts  should  be  concerned  with  improving  catalyst  efficiency,  especially 
at  high  current  densities,  and  with  reducing  the  volume  required  for  HNO3  regenera¬ 
tion. 

Cell  Development 

Many  problems  relating  to  long-term  cell  operation  remain  to  be  solved. 
These  include  handling  feed  Introduction  and  product  removal  during  long  term 
operation,  minimizing  ohmic  losses,  and  developing  methods  for  startup  and  shutdown. 
Such  problems  should  receive  attention. 
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SECTION  8 


IDENTIFICATION  OF  PERSONNEL  AND  DISTRIBUTION  OF  HOURS 


8.1  Background  Of  New  Personnel 

I  Ming  Feng  (Ph.D.,  Mechanical  Engineering,  University  of  Hlchlgan)has  12  years 
experience,  primarily  In  disciplines  relating  to  the  mechanisms  and  principles 
of  lubrication.  In  this  field  he  has  to  his  credit  well  over  40  publications. 

He  Joined  Esso  Research  In  1960  after  a  diversified  career  at  several  industrial 
organizations  and  M.I.T.  He  Is  currently  working  on  the  development  of  the 
total  cell. 


8.2  Distribution  Of  Hours 


The  following  are  the  technical  personnel  who  have  contributed  to  the  work 
during  the  reporting  period  1  July  1962  -  31  December  1962  and  the  approximate 
number  of  hours  of  work  performed  by  each: 


Carl  E.  Heath 

347 

Barry  L.  Tarmy 

779 

Eugene  L.  Holt 

892 

Duane  G.  Levine 

906 

Andreas  W.  Moerikofer 

847 

Joseph  A.  Shropshire 

825 

James  A.  Wilson 

60 

Charles  H.  Worsham 

934 

I  Ming  Feng 

150 

Total 

5740 
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APPENDIX  A-1 


PREPARATION  OF  PRESSED  ELECTRODES 


The  electrode  structure  consists  of  a  Pt  gauze  welded  to  a  piece  of  Pt 
foil  cut  to  the  sanie  size.  A  slurry  of  the  finely  divided  catalyst  in  H^O  is 
applied  to  the  electrode  with  a  dropper  or  spatula,  depending  upon  the  consistency 
of  the  catalyst.  The  slurry  is  partially  dried  in  an  oven  or  by  blotting  with  fil¬ 
ter  paper.  A  smooth  Pt  sheet  is  then  placed  over  the  catalyst  and  the  entire 
assembly  subjected  to  2000  psi  in  a  hydraulic  laboratory  press.  The  result  is  a 
uniform,  stable  catalyst  coat  which  can  be  handled  in  the  same  manner  as  an 
electrodeposited  electrode. 
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All  runs  in  3.7  M  H2SO4-I  M  C%(H  at  60”C.  with  pressed  electrodes  unless  otherwise  noted. 
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APPENDIX  A-5 


ALLOYS 

niEPARED  BY 

NaBH.  REDUCTION 

- - ^ 

0 

Lattice  Soacins.  A 

Structure 

Catalvst 

Observed 

Literature 

Type _ 

Pt 

3.910 

3,916 

f .  c.  c. 

Au 

4.071 

4.070 

ff 

Pt-20. 5%Au 

3.918 

3.944 

M 

Pt-39.0%Au 

3.967 

3.974 

tl 

Pt-63.0%Au 

4.013 

4.004 

tl 

Pt-76.4%Au 

4.033 

4.036 

II 

Ir 

3.837 

3.831 

It 

Pt-8.6%Ir 

3.907 

3.900 

II 

Pt-19.8Wr 

3.906 

3.881 

II 

Pt-35.8Mr 

3.896 

3,865 

It 

Pt-61. 3Xlr 

3.848 

3.852 

tl 

33tPt-33%Au-33!lPd* 

3.984 

... 

II 

33«'t-33Xlr-33%Pd* 

3.896 

— 

II 

33XPt-33llFe-33%Pd* 

3.884 

— 

II 

Pd 

3.883 

II 

Au-50^Pd* 

4.013 

3.976 

II 

W 

— 

3.159 

b.c.c. 

Pt-50XW* 

3.910 

— - 

fee 

Pt-80XW* 

3.901 

... 

II 

Ni 

... 

3.517 

II 

Pt-501W1* 

3.877 

3.877(157ail)** 

II 

Cu 

... 

3.607 

II 

Pt-50%Cu* 

3.791 

3.791(44%Cu)** 

M 

Co 

... 

3.537 

II 

Pt-50XCo* 

3.862 

3.862(19%Co)** 

II 

Pb 

... 

4.940 

II 

Pt-50XPb* 

a=:6.67  c= 

.  a-6.65  c=5.97 

Tetr,Pb.Pt 

a=4.31  c= 

•  e=4.25  c^.46 

Hex,,  Pbrt 

5.98 

... 

b.c.c. 

4.81 

... 

fee 

*e  *^e  ''e 

Rh 

... 

3.797 

tl 

Rh-50%Au  * 

4.054 

II 

*  Compositions  are  of  preparative  solutions- 

**  Refers  to  composition  given  in  literature  corresponding  to 
observed  lattice  spacing. 

All  compositions  in  atom  X 
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APPENDIX  A- 7 


FIRST  ORDER  RATE  PLOT  FOR  HCHO- 
Mo+fe  CHEMICAL  REACTION 


Time,  hr 


HCHO  +  H2O  +  4 
b  *  moles  HCHO,  a 

dt  k  (a-4j0  b 


CO2  +  4  +  4  h'*' 


initial  moles 

In  a- 4x 


X  *  moles  CO2 


k  t 


Rate  plot  assumes  n  «  1  and  concentration  of  HCHO  (b)  in  excess  and  constant 


APPENDIX  A- 8 


» 


DIAGRAM  OF  EQUIPMENT  FOR  FLOW  COULOMETRY 
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Volts  vs.  N.H. E. 


>8 


Volts  vs.  N.H.E. 


APPENDIX  A-10 


EFFECT  OF  FIFTY  SUCCESSIVE  OXIDATION  - 
REDUCTIONS  ON  ADSORBED  MOLYBDATE  LAYER 


In  absence  of  fuel,  fifty  sucesslve 
oxidation  cycles  decrease  Mo  on 
electrode  only  slightly. 
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Volts  vs.  N.H.E 


APPENDIX  A- 11 


EFFECT  ON  MOLYBDATE  LAYER  OF 
OXIDATION  IN  PRESENCE  OF  FUEL  LAYER 


Time,  sec 


One  oxidation  in  presence 
of  fuel  removes  all  Mo. 
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APPENDIX  A- 13 


EFFECT  OF  FUEL  PREADSORPTION 
ON  SUBSEQUENT  MOLYBDATE  ADSORPTION 


2  min  HCHO  adsorption  first; 

2  min  Mo'*’®  adsorption  directly  following. 
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APPENDIX  A- 14 


PERFORMANCE  OF  HCHO  ON  BOROHYDRIDE  -  REDUCED 
_ Pt  •«  1  wt  %  Na2Mo04 _ 


APPEMDIX  A- 15 


10-*  X  1/T  (nc’  ) 
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APPENDIX  A-17 


DIAGRAM  OF  EQUIPMENT  USED  TO 
OBTAIN  VOLTAGE  SCANS  ON  CM^OH 


i 

1 

1 

B 

s 

■JH 

A  «  Measuring  electrode,  platinized  Pt 
B  ■  Counter  electrode,  Pt 
Ref  «  Saturated  Calomel  electrode 

P  ■  Potentlostat  and  power  supply.  Duffers  Associates  Models 
600  and  620. 

M  *■  Motor  driven  linear  potentiometer 
V  ■  Kelthley  Electrometer  610A  with  recorder  output 
R  ■  Precision  resistor 
X-Y  ■  Moseley  "Autograf”,  X-Y  plotter 
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APPEMDIX  A- 18 
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TEMPERATURE  DEPENDENCE  OF  FORWARD  AND 
REVERSE  PEAKS  FOR  CH3OH  OXIDAHON 
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AWPPIX  1-1 


BIO4  ttOlttKATIOII  WITH  SWACTAWtS 

3.7  N  H2S04(  0.2  M  RHOS  M*C.  3  Electron 

BUctrtfdctt  Cathod*t  pUtliiit*d  pUelnua  bMk»«  with  6  ag/ea^  pUtiaua  black 
Aaedat  bright  platiaua  baakat,  cMcaatrie  to  cathoda 
Gaa  Injactioai  glaaa  frit,  pora  aiaa  10  to  50  aierona,  placed  directly 
above  cathode,  injecting  doMwarda 
For  further  oi^erlaeACal  detaila  aee  (1) 


Gaa  Flow 

Surfactant.wt  X  Rate,  cc/atn. 

I  Exoeriaeata  With  Payaan 

None  (for  coavariaon) 

Benax  2A1*  0.2  wt  X 

Beaax  2Al*  1  wt  X 

Beaax  2Al*  O.S  wt  X 

Ci2'henax  2A1**.  1  wt  X 
Ci2‘UtiM»  2AI**  1  wt  X  +  BT  374#  I  wt  X 

Cg  -Beaax  2At***  1  %rC  X 
C9  -Beaax  2A1*«*  1  I  wt  X 
Cg  -Beaax  2A1***  1  wt  X 
Cg  -Benax  2A1***  0.2  wt  X 

II.  Experlaenti  With  Air 

None  (for  coaparieon) 

Benax  2A1*  1  wt  X 
Benax  2Al*  1  wt  X 

Ci2- Benax  2A1**  1  wt  X 

Cg  -Bonax  2A1***  1  wt  X 
Cg  -Benax  2At***  0.1  wt  X 
Cg  -Benax  2A1***  /  0.2  wt  X 

Cg  -Benax  2Al***  /  0-2  wt  X 

Cg  -Benax  2AI***  0.05  we  X 

Oae  of  Fine  SiO?  Powder  fCab-o-all  ) 

No  eurfactanci  Cab-o-ail##  1.0  wt  X 
No  aurfaetanCi  Cab-o-ail##  5.0  we  X 
Cg-Benax  2AI***  0.2  wt  X  +  Cab-o-ail##  0.5  %»e  X 

Cg-Benax  2A1*#*  0.2  wc  X  <»•  Cab-o-all##  1.0  wt  X 

Cg-B«nax  2AI*#*  1.0  wt  X  >  Cab-o-ail##  3.0  wt  X 

Conpoaition  of  Surfectancat 

*  Sodiiai  dodecylated  oxydibenaenc  diaulfonate  (Dow  Chenical  Co.) 

SOjNa  SO^Na 

**  Saae  aa  *  but  of  higher  purity 
***  Sodlwa  nonylated  oxydibenaenc  dlaulfonaec  (Dow  Chcnical  O?.) 
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#  Oxvdlbcngenc  of  higher  Molecular  weight  (Dow  ChcMicel  Co.) 


Deacription  of  fine  Powder 

##  Fine  allica  pother,  0.07-0.15  Micron  particle  alee  (Cabot  Corp.).  The  powder  vaa  aoaked  for  24  houra  in  electrolyte  prior  to  ita  uae. 
/  0.2  N  NaNOj  uacd  inatead  of  KNO3. 
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APPENDIX  B-2 
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APPENDIX  B-3 


EQltIPMENT  USED  IN  ENGINEERING  STUDIES  OF  HNOj  REGENERATIOM 


1  -  ATR  Rectifier  Power  Supply*  Model  620  C-ELIT 

2  •  Eeterline-Angue  Graphic  A^BDeter*  Model  AW 

3  -  Relthley  ElectroMter*  Model  610A 

4  -  Leeds  and  Northnip  PotentlooMter,  Model  291897 

with  Pt-Pt  lOX  Rh  Thermocouple 

5  -  Fischer  Regulator*  67FR108 

6  -  Fischer  and  Porter  Roteneter 

FP  1/8-16-5/70  or  02F  -  1/8-16-5/70 

7  -  Heating  and  Control  Circuit 

Glaa-Col  Heater 

West  Gardsman*  Model  JP 

Iron*  Constantan  Thermocouple 

Varlac  Autotransformer*  Type  WIOMT’S 

HB  Mercury  Relay 

8  -  Thermo>RlectricPotentioBwtrlc  Pyrometer*  Model 

7020H  with  Iron,  Constantan  Thermocouple  and 
Thermowell 

9  -  Varlac  Autotransfonaer*  Type  WIOMT-3 
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THE  EFFECT  OF  NITRIC  ACID 
CONCENTRATION  ON  LIMITING  CURRENT 


T  -  82*C.  P  -  1  atm 

ElecCrolyta:  3.7  M  H2SO4 

Eleetrodaa:  Pt  Scraens  with 
8  mg/cm^  Pt  Black 
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Current  Dei 
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Limiting  Currant  for  Nitric  Acid  Solutlona 
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9491  70  0  190  1  4944  190  4.9  0.40  9099  9994  9 

(119) 


Air  9.0  94  1.1  iaaa  Iaaa  aoaarMla  ChabaM 

9A1 

Ca  2*7  Taafaraarai 

all  49*e 

lag.  Oabir  «79*e 
ria  faauat 
Oa  lalt-Caacat  Mre 
all4a  farta 
laa^l^Ma 
Caaaaatat 

102  abaaraai 
U  akabar 


9491  79  0  140  I  4444  140  4.0  0.94  5974  9444  9 

(114) 


10440 


Air  4.0  199 


Cg  4.0 


laoeaatacia  Cbabar  * 


Call 


49  *C 

.  --79*C 

ria  fatiant 
Oaa  tstt'Oatar  fart 
•  414t  farta 
latfcU  ‘Oaa 

IO2  abaataal 


9491  79  0  149  I  4994  149  9.0  0.94  9144 

(114) 


1  9040  4140  2.9  Air  9.5  52  0.4  Iaaa  tm»  lagaaarata  Cbaaba^ 

U1 

Ca  4.0  Ti^araam 

Call  I2*C 

tag.  Cbabar  ••75*C 
ria  frttam 
Oa  lKtt*Catar  fart 
•  Sia  farta 
laycla  -laa 

■O2  abaraad 
la  cbabar 


9411a  75  0  290  1  19M9  990  9.0  0.94  7909  5440  9  4000  14400 

(114) 


Air  4.0  109  2.0  Baaa  laa  Isgaaratia  Cbaabar* 

2A1 

C4  4.9  Ta^arMarai 

Call  42*C 

lag.  Cbabar  — 79*C 
ria  fattaat 
Ca  latt'Catar  fatt 
•  liAa  farta 
bacjrcla  -laa 

>02  abatraai 
la  cfcaabaa  Uc  a( 
laa  2A1  Cg  ariOad 
ebraagh  a**!** 


9421  55  0  190  1  7971  190  9.0  0.54  4079  9144  9  9740 

(114) 


Air  2.0  79. 


•aaa  laa  Itgaaratta  Cbaaar** 

2Al 

Ca  1.0  Taaatd*ara< 

Gall  42*C 

lag.  Cbabar  '^7S*C 
fla  fatam 
Oa  iaiC^Oatar  fart 
•lia  farta 
bacycla  'laa 

>02  abaaraad 
ta  cbabar 


( 


•  2  lab  dtaatar 

a  A  ta  aa  ala  atafca  a  990  a/aa  af  ar  ba  aa  aat  aa^iaa 

baaaa  af  acbaical  dilfitaltla.  aaiai,  it  iffiatai  tbal  tba  rigaaataia 
afftciaaar  aaM  baa  baa  ^raaiatalr  1*9  laali^i/iiaiai  agair.  ta  avg  aaaaaaO. 
aa  1  lab  dlaattr 
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I 


I 

I 

I 

I 

I 

I 


•u  rMW 

■•••MrMiM  Ilf  Mi  ^  1  ^  ^  ii«e. 

UlUlMay  fHv  kCi  If  I 

tmltiCml  litMiiM  M  iwrfM* 


[111  fflirtflttfftf 


muhlilru  ««M,  mb* 


Mil  M  0  140 

(Itl) 


7IM  140  S.O  O.M  4MS  1440  0  1000 


1.1  Air  1.0  70  1.4 


lAl  0lM« 

C«  1.0  Nwl  TMVtrAtimi 

Dry  0*11  02*C 

•M*  CbaMt  «70*C 
riM  0«tt«r»i 
Om  Ralc>0MC«r  Htt 
•out  Mrt* 
iMycU  'IMM 


no*  rNwrO 

I  •hM*«r 


0011  M  0  140  1  7000 

(110) 


0.0  O.M  4000 


0  1010  7000  1.2  0|  1.0  70 


lAl 

Co  1.0 


Mprurm—  CMOMr*** 

THH**<***t 
Otll  02^ 

IH-  ObaMr  «>7S*e 
flM  tarcrr*! 

OM  IsIt’OHCM  Mrt 
•OIM  tMtr 
■mjwI*  'Mm 


I0«l 


0021  00  0  140  1  7000  140  0.0  O.M 

(11«> 


0  1740  5200  1.0  0i  l.0  70  7.0  Mm  Omtm  MOMtratlM  COli^ 


0021  00  0  140  1  0110  140  7.0  0.00  0000  2014  0  10000 

<1M) 


0021  00  0  IM  1  0000  100  0.0  0.01  0201 

(120) 


10.0  0,  2.0  70 


4.4  Air  1.0  70  1.0 


0021  00  0  too  1 

(120) 


110  S.O  0.02  0070  0204  0  4020  14700  4.0  0)  1.0  70 


0021  00  0  100  1  0000  100  0.0  0.01  0201  0100  I  OOOO  lOODO  0.2  Air  1.0  70 

(120) 


2021  00  1  140  1  0277 

(127) 


4.2  0.00  4000  1211  2 


1.2  Air  2.0  07 


2021  00  1  140  0.00  4000  101  4.2  0.00  Sift  2171  0 

(127)  4  1.9  224 

0.7  70.0  21M 


1.1  Alt  2.0  07 


Oil 

HMl  Ta^rri 
Dry  0*11 


0I*C 
'<>M*e 

riM  OMtmi 
Om  lall>CoM«r  Mrt 
•OIM  Mrto 
iMyoU  'Mm 


■0*  oOi 
I  ohioMr 


2A1  OlMO 

Cf  1.0  MMl  tMH'Muai 

0Mw>  Ooll  02*0 

rMoO  IH.  OMOMr  *.72*0 

virii  nm  Mcomoi 
l«t  «  Om  bii-OMCor  fort 
■D|  iMyalo  'OIM  *m«o 


M  oOti 
U  liMOrr 

OaOtMtatlM 


Co  1.0 


Ooll  Olt 

0i0‘  CtaMtr  •*70*0 

rtm  Mount 
Om  IMl'OMOor  Mrt 
botytlo  •OlOo  Mvtr 

M|  rOimrO 


tm  ol 

Own  Mm  MfrwrMlw  CMoMr** 

SAl 

Co  1.0 

Call  02*e 

MO.  ChnOar  -»70*C 
FlM  Mount 
Om  tslC'OaaUf  Mrt 
McyaU  •OlOa  Mrta 


ta  abnUr 

IM 

OoMi  Qaarw  MiaMratlaa  Cbwbar 
2A1  Olwa 

Co  1.0  Mwl  Mnuatarai 

0n»  MU  02*C 

rataO  Mo.  CbaOat  ^70*C 

vllb  nw  Mount 
1  «o  X  Om  iKlt-Owcar  Mrt 
■02  Mcyalt  •010a  Tarta 

■D|  alaimO 


la 

1.0  Mm  Oaarw  MoaMracln  CbaMar** 

OlaM 

Mai  moaracara  t 
lata*  MU  02*e 

rataO  M«.  Cbnbar  *'00*C 

wltb  rUm  Mount 
■jO  Ow  lalt«01M  Mrta 
Mayala  •Oaatar  Tart 

NO]  abtaraaO 
la  abnbar 

1.0  Haw  Oaarw  MNWiratlw  Cbnut^* 

Olaw 


Data.  Call  02*0 

rataO  M«.  CbaMar  «»00*e 

wltb  Flaw  MOtani 
■lO  Om  lalt'OlOa  Mrta 
■aayala  ‘Matar  Mrt 
:at 
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AMlyC* 
M  «e  t 


bMh  Ml,  <bM»  V»U  Cmi*  V*1»  I|/  €•■%  Om1< 

<>■  •>  till  xLl  iili  xU  iili  Mi  *» »  LiMiMfct 

M31 
(lit) 


,  miin  i?*i  ?{■*■<  ^  . 

MfUlMty  TUm  MK«  »i— i*i  a— ^iti— 

eMla/OMl  l•l•»l«•  f  1«vfM*  — ■■■m 

OwtlMfct  Iflitv.  t«  mU  •(•ItMMilri*  k«C«  rask* 

Hi  jM  E  jmuaM^  JSJ_  .in. 


I  tso  t.o  tSM  IM  9.t  0.«s  S49S  S*M  S.O  MM  IMM 


■•M  eMTM  lafiMrMiM  ckaMv*** 
•laM 

HMt  tfiritwwt 

e*u  •>*€ 

riM4  Mf.  MMkw  •<M*e 
wttk  riM  ratcttat 
1  «t  t  om  iMt-tiM  km* 
■IQ«  IMJWU  -OmCm  Mrt 
M  MlOMMlCt 
■»*»4  . 


M31  90 

(IJ9) 


MOl  >.0  S9M  9?M 


kWM  Omtm  MfMMatlM  >.kwkii*** 
OlM* 

MmI  THttntvMt 
liC»  MU  M*C 

r«e«4  lH‘  Ckflkkar 
irtKk  fl«w  MMfBt 

l«t  t  OM  iBic-IlM  r»rt* 

■M*  kMT*U  •MMac  foiC 
90  wtt  oiwiirit 

■a*®*  .  !*a  * 


9«]1  90  1  ISO  0.«0  9094  194  9.1  0.49  9491 

(19«)  1.0  90.0  494$ 

9.0  1.0  100 


41M  9.0  9040  99SM 


■••■MfatiMi  Ckwkii^ 


9421  90 

(190) 


9421  90 

(111) 


9421  40 

(1)9) 


9249  9209  9.0  9220  19440 


41r  2.0  07 


194  O.M  9249  190.9  4.9  0.40  9992 

1.9  90  4417 


1  144  1.0  4277  144  4.9  0.00 


4990  9.0  9040  114M 


Alt  2.0  07 


99)1  9.0  4920  12040 


Air  1.0  09 


«Uk 

l«c  t 
■0, 

9k  Mt 
■2404 


MU  42*e 

■H*  rkwkir  «f44*C 

ri«w  NCtamt 
fa*  liic>ltM  Uma 
MtyiU  "Mailt  fatt 


4iCw 
ratio 
wltk 
Ink  X 


■2M4 


■af  arattaa  Ckaki/** 

M^aratant 
MU  42*0 

la|.  Ckakar  «>'44*C 
riav  Vattam 
ftaa  lait'kiOa  Nrca 
■aayala  "Maiit  fart 
teat 


eiaaa 

MMl 

IMV 

ratio 

wttk 

lai  t 

■»9 

90  tax 

■2104 


ta  ikiMar 

kitaaaratlaa  CkakitT 


MU  42*e 

kat.  ckMtir  a'  a*e 
riaa  katlirat 
Caa  Ulk>4l4a  Mrta 
kaayal*  "Maur  Vart 
:ai 

ID2  lOainaO 


94  atk 
■2404 


42*C 

oo'e 

riaa  Mtafai 
9aa  tatt^llOa  kma 
laaycla  -Matar  HR 

■Dy  aliartaO 


942  )  70  1  144  0.40  4044  194  4.9  0.40  9902 

(194)  0.7  70  9142 

10.0  1  940 


9404  9.0  2740  4240 


Air  10  140 


9411  70 

<1M) 


140  4.9  0.40  9949  4004  9.0  2IM  0440 


Air  1.0  192 


0.74  70  9494 


90  «% 
■2"4 


H^rRarai 
MU  ll^e 

■at.  CkMkir  «44*C 
Flaw  FRtatai 
Oaa  laU-4i4a  Hrta 
lacTcla  "Malar  HR 

■D2  i>4ina4 


eiMi 

Hal 

1  at  X 


90  MX 

•2*04 


ta  aki 

■aiaaarRlaa  Ckaka^** 

Ta^atRarai 
MU  42*C 

■at.  CfcaMir  ^OO'C 
Flat  FMlatai 
Oaa  latC"414a  HRa 
Htycla  "Malar  HR 

■O2  a>iim4 


9421  70 

(IM) 


1  140  0.1 


9949  141  4.1  0.40  9409 

9943 


9929  9.0  9129  *940 


Air  1.0  129 


eiaaa 
Hal  tiHviMarai 
1«  I  MU  02*C 

■n,  lat.  fkMkiT  -*44*0 

90  Ax  Flaa  FRtarat 
■l»  4  Oaa  Iatt-it4a  HRi 
■acyala  "Malar  FaR 

■02  akaacaaO 
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Itf. 

Not«« 


TiM 

0t 


jtuuLSaiiiUiL 


moj  mny 

bo«k  Volt  Cooot  Volt  CoMt  Volt  1l*  ^***t  Oowloto  t| 

fH.l  cc*i  wC  t  ce'o  vt  t  ****  JM  JttJ  jguiHfei 


ow  riM 

lolaCtvo  M 


iiur^oo- 

eaXt 

JttA. 


iMtl&iL 


3*21#  M.S  1  114  1  4374  114  7.0  0.44  4344  1400  3.0  3110  4340  4.1 

(147) 


lOS  1.0 


.?Js 


lotoaorocto*  ChMOoroo* 


tMHVoooni 

Coll  M*e 

■of.  Gkahor 


flow  raetoni 
Om  lstc«Co*Mr  Port 


Oooyelo  >1140  Porto 
■■HtOI 

MOo  oOoorvoO 
to  okMhor 


3431  45.0  I  115  1  4432  113  11.3  0.04  5403  1030  3.0  4455  13345  13.0  Air  1  103 

(140) 


looos  NOM  lotoMrotioo  CtMMbor*** 

3A1 

Co  Toaooroturoi 

0.44  Coll  03*0 

lo«.  Ck^r  •^30*0 
Plow  Pottomt 
Ooo  lill'Cootor  Port 
loopolo  ‘OtOo  Porto 
CMHOStOt 
«o  NOt  otoorooi 
to  ciMBkor 


3421 

(144) 


115  1  4433  115  7.0  0.44 


1440  3.0  3570  10710  5.4  Air  1  105  2.0 


000401 

2A1 


o'!u 


Ootoaortftoo  Ckwtii*** 

Toaporotoroi 

Coll  03*C 

■H'  Ckabor  <«77*C 
Plow  Pottoroi 
Ooo  Istt'Cootor  Port 
loopolo  'OtOo  Porto 
CMMOtOt 

■U  okooroo* 
to  okakor 


3431  45.0  1  115  1  4432  115  7.3  0.71  4543  1070  3.0  5353  14054  0.4  0«  1  105  10.0 

(ISO)  ^ 


3421  45.0  1  115  I  4432  115  14.5  O.M  4044  304  3.0  5430  14240  42.3  0*  1  105  10.0 

(131) 


3421  45.0  1  115  1  4433  115  11.0  0.12  5372  1140  3.0  5440  14420  14.4  Atr  1  47  1.0 

(132) 


Cf  Tmp«i 

0.44  Cali 


os*c 

‘*'77*6 

Plaw  PattaiBi 
Oaa  latt-Caatar  Part 
■aapala  •flOa  Parta 


■awa  laiaaarattaw  CkakarM 


0.44  Call 


I3*C 
r  •SO'C 

Plaw  Pattant 
Oaa  lstt«Cawtar  Part 
iaapala  •ItOa  Parta 


•aMw  laM  iaiawarattaw  OkaiAar*** 


Oall  13*0 

lat.  Ckaakar  ‘*'53*0 
Plaw  Pattamt 
Ow  KBlt>OHtaT  iwrt 
Iaapala  •ttOa  Parta 
:at 


\JS.r' 


3431  43.0  1  115  I  4432  115  10.0  0.74  5002  1350  3.0  3413  11734  0.7  Atr  1  73  1.4  law 

(133)  2A1 


laiiwirattaa  Ckakaraaa 


Ta^ratwrai 

Call  I2*C 

lat.  CkMkar  ^4|*C 
Plaw  Pattarat 
Oaa  iBtt»Oaatar  fart 
■aapala  ■Ilia  facta 

■a  Mb  akaaraaO 
ta  akakar 


3431  45.0  1  US  1  4432  115  11.0  0.03  5373  1140  3.0  3130  4340  0.1  Air  1  123 

(134) 


Oaaaa  Raaa  lataBaraciaa  Ckakaraaa 

Ml 

e»  TaMaratwrai 

0.44  Oall  03*e 

kao-  Ckwkar  ‘*'53*0 
Plaw  Pattarat 
Oaa  tatt'Oaatar  fart 
Iaapala  •ItOa  Parta 

■0]  akaaraai 
ta  tka*ar 


5431  45.0  1  US  1  4433  113  10.3  0.00  3143  1340  3.0  4004  34453  25. 1  Mr  1  50 

(155) 


02*0 
-45*0 

Plaw  PMlatat 
Oaa  l8it«0aatar  fart 
■aapala  •fiOa  Parta 


It  M*  < 

akaim. 


4  All  naa  altar  1A7  oaaO  m  kapraraO  atr  tajactar  ta  gtra  aaaaa  laaa. 
#0  Omiaiai  rwaa  are  aMlaiaaO  aa  paiaJl 
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K:.  JLIC— = 

bMk  ttol,  fln«,  fi»l,  «nt»  ftl,  eiM« 

ititl  •**■  JSJ  — *■  t  1  flanlifct  — *■  jn  ftiUifel 


9t21  M.O  1  IM  1  «m  ItO  7.4  4.70  4M7 

(197) 


Mil  49.0  I  119  1  4492  119  11.4  0.04  9409 

(190) 


9421  49.0  1  119  1  4492  119  10  0.70  9001 

(190) 


049  49.0  1  119  1  4492  119  4.4  0.41  9024 

(9) 


049  49.0  1  119  1  4492  119  4.2  0.44  4249 

(4) 


049  49.0  1  119  1  4492  119  11.0  0.09  9447 

(9) 


049  49.0  I  119  1  4492  119  9.2  O.M  9402 

(9) 


lOJi 


2014  9.0 


17092  0.0  Air  1  92 


0.4 


lOM  9.0  4092  10004  17.9  Ur  1  79  1.4  Imw 

2U 


1991  9.0  10090  92077  24.4  Ur  1  79  1.4  IMM 

2U 


2900  9.0  4491  10999  7.7  Ur  I  14  0.9  Bmh 

2U 


2107  9.0  0902  20174  12.0  Ur  1  92  0.4 


H9  9.0  10979  91110  92.2  Ur  1  109  2.0 


•mm 

241 


2090  9.0  2949  7047 


2.9 


»r*M 

241 

A 


■•••MruiM  oimOii*** 

€•11  02*e 

IH-  ChMtot  «U*C 
ruw  PMtoroi 
04*  bitc«0MC«r  Port 
0M)r«t*  •OiU  P»rt* 


■UMoroCiMi 

TwHPUvrot 
Oall  02*C 

•H*  eh«b«r-'47*e 
Plow  Purwrat 
Om  lUC'CMCtr  pm 
iMpou  •iiu  Pm* 
Ommot 
M*  aos  wOMfoo 

Aieffj. 


tMorPUwrwt 
Coll  02*C 

1^.  ChwOir  ^49*e 
Plw  PoCtwtoi 


Ooo  OUt'Cmor  pm 
Ootptlo  *OtOo  Pmo 
Cmootot 


tammimi 

Coll 

iof.  Chafeor 
Plow  Putotwt 


02*e 

v90*C 


iMpwlo  >0140  Pmo 


Coll  02*0 

Oof.  a«bor<V92*C 
Plow  Pattmt 
Ooo  out-omor  Pm 
loopwlo  •OiOo  Pmo 

1^  okoorvoO 


02  *e 

-'2i“C 

Plow  Poktofwi 
Ooo  lUt'Cmor  tmn 
iMTtlo  .PtOo  Hrto 

Oo  Ml  okrrrwri 
to  t&mor 
tmwioO  rm 


Ti^roKwtoi 
Oill  02*C 

•a*  COaOtr  *>79*0 
Plow  P«tOT«t 
Oa  tUt'OoM 
arytlo  -Cootar  Pm 
-SlU  Porto 

COMOtOI 

M2  oOoocwoO 
U  elmOor 
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APPENDIX  C-1 


MEIHAKOL  ELECTRODE  LIFE  STUDIES 
Condltlona,  Performance  and  Compoaltlona 


Run  Nusuber 

3618-7- 

Run  Hours 

0 

22 

48 

72 

96 

120 

144*** 

Cell  Temperature,  *C 

95 

82 

82 

82 

80 

82 

82 

Current  Collector 

— 0.001"  thick  X  3/16"  wide  Pt  sheet  on  edges — 

Cathode,  8  mils  thick* 

— Pt 

black  on 

1  52  mesh  Pt  screen - 

Anode,  8  mils  thick* 

— Pt 

black  on 

1  52  mesh  Pt  screen - 

Electrolyte  Between  Electrodes 

77  mils . 

Current  Density,  ma/cm2 

55 

15 

45 

64 

30 

50 

32 

Volts  Polarisation  At  Constant  Current 

0.63 

0.57 

0.74 

- 

- 

- 

. 

Volts  Polarisation  With  Open  Circuiting 

- 

- 

0.67 

0.70 

0.73 

0.70 

- 

Peed  Solution  Durina  Period: 

Methanol,  ml 

• 

20.4 

40.8 

23.8 

74.2 

55.7 

. 

Hater,  ml 

- 

9.6 

19.2 

11.2 

34.8 

26.3 

- 

Total,  ml 

- 

30.0 

60.0 

35.0 

109.0 

82.0 

- 

Feed  Solution  For  Run: 

Methanol,  ml 

• 

20.4 

61.2 

95.0 

159.2 

215.9 

Water,  ml 

- 

9.6 

28.8 

40.0 

74.8 

101.1 

. 

Total,  ml 

• 

30.0 

90.0 

125.0 

234.0 

316.0 

. 

Methanol,  ml/hr 

- 

0.93 

1.28 

1.18 

1.66 

1.80 

Condensate  From  Exit  Gas  Screams 

'Returned  to  cell  through  gas  exits- 

AnolvCe  Electrolyte  Recycle: 

H2SO4,  wtX 

30.0 

• 

• 

30.0 

26.3 

• 

• 

Fuel  Fed: 

Methanol,  vol% 

—  68** 

Water,  vol%  - - - —32 


*  Electrodes  square  shape,  90  cai2  area  in  use. 

**  Matheson  Spectroquallty  grade  Mthanol. 

***  Shut  down  because  of  poor  performance  caused  by  membrane  breakage,  catalyst  loss,  and 
electrode  warpage. 
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El«ctro4a«  aquar*  •hapm,  90  ca^  In  u««, 

Coi>4anan4  In  nxlt  •yataa  «t  room  tai^nraturc. 

StautdoMD  bnciniM  of  sororo  ipoltago  ooclllatiooa  on  bish  polnrlMtioo.  Maibrano  had  sLlppod  auffielently  to  cauac  gaa  bypnaaing. 
Shutdown  bocauaa  of  rocyela  pu^  fallura^  whlchcauaad  fu«l  deplatlen  in  call,  aavara  polarlaatlon  and  H2S0^  reduction  to  aulfur 
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APPEMDIX  C-4 


METHANOL  LOSS  IH  CO?  EXHAUST 


The  CH3OH  content!  of  3.7  M  H2SO4  electrolyte, and  condeneate  from  the  CO2 
exhauat  plotted  in  Figure  C«1  were  determined  by  colorimetric  chemical  analyais. 
Chemical  analyaia  Involved  diatillation  of  CH3OH  from  the  aample  to  free  it  of  H?S04 
and  reacting  with  ceric  amionium  nitrate  aolutlon.  The  CH3OH  hydroxyl  group  producea 
a  red  color.  The  intenaity  of  the  color,  related  to  the  CH3OH  concentration,  i-a 
determined  on  a  colorimetric  electrophotoeieter  (7).  The  CH3OH  content*  of  the 
solutiona  were  alao  calculated  (8)  from  the  aolutlon  denaitiea,  determined  by 
weighing  a  meaaured  voluee  at  2^C.  Correction  waa  auule  for  H2SO4  content.  The 
calculated  data  are  ahown  in  Appendix  C-1. 

Figure  C-1 

Effect  Of  CH3(n  Concentration  In  Electrolyte 
On  Ita  Concentration  In  COo  Exhauat  Condeneate 


CH3OH  Concentration  in  Anolyte,  vol  X 
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APPEMDIX  C-5 


TOTAL  CEIL  EQDIPMENT  DETAILS 


1.  The  Teflon  cell  coneleCe  of  two  helvee  mechlned  from  e  5-3/4"  x 
S-3/4"  X  3/4"  block  feetened  together  with  twelve  #10-32  etelnleee  eteel  bolte 
through  13/64"  holes  around  the  outside  cell  chamber.  The  cell  chamber  Is  1/4"  deep 
X  4"  X  4"  provided  with  a  0.025"  dapth  by  3/16"  ledge  for  support  of  electrodes  and 
current  collectors.  Four  1/4"  pipe  thread  holes  are  provided  for  liquid  pess^e, 
and  a  top  hole  and  slot  for  gas  esci^e.  Five  1/4"  x  1/4"  Teflon  posts  assure  firm 
support  of  electrodes  and  membrane. 

2.  The  cell  la  heated  with  a  Glas-Col  heater,  500  watt,  110  volt,  using 
I.C.  thermocouples  of  Inside  dimensions  6-1/2"  x  2-1/2"  x  6"  depth  with  open  top 
and  two  vertical  slda  slots  on  each  side  of  1/2"  width  by  4-3/4"  depth  centered 
3-1/4"  apart,  and  a  center  elot  on  each  side  1"  deep.  A  Vlton  rubber  ctip  In  the 
heater  bottom  provides  protection  from  acid  leakage.  The  temperature  Is  controlled 
by  a  Duenna  controller  Model  J. 

3.  The  acid  electrolyte  was  recycled  with  a  Model  2-6000  Buchler  Micro- 
pump,  115  volt,  14  RFM,  60-950  ml/hour.  The  feed  was  pumped  with  a  5.7  rpm  Buchler 
pusp,  25-450  mi/hour.  Lower  rates  were  obtained  by  using  an  Eagle  Signal  Flexopulse 
timer. 


4.  Sealed  fiber  type  Calomel  electrodes,  Bsckaun  Model  11-505-80,  were 
contacted  with  the  back  side  of  each  electrode  via  a  capillary  tube. 

5.  Eaterllne  Angus  Recorders,  Model  AW,  were  used  for  recording  voltages 
and  currents.  One  ma  recorders,  operated  from  a  Model  610A  Kelthley  Electrometer, 
were  used  for  voltages.  Shunts  In  the  ranges  of  0.5,  1.5,  5,  10,  15  and  50  amperes 
were  used  with  the  150  ma  Model  AW  recorders  for  currents. 

6.  The  couloswtrlc  timer  (diagram  shown  In  Appendix  C-6)  was  operated 
across  the  100  sn;  Esterllne  Shunts  through  a  20  ohm  resistor.  With  the  5  amp 
shunt,  O.IX  of  current  passed  through  the  coulomblc  timer,  and  0.33X  passed  with 
a  15  amp  shunt.  The  resultant  voltage  drop  In  the  timer  Is  superimposed  on  a 
generated  ramp  voltage  signal  designed  to  trigger  e  timer  for  operating  the  feed 
puaq>s. 


The  superimposed  voltage  Is  dependent  on  the  current  from  the  cell.  The 
level  of  the  superimposed  voltage  determines  the  tlaw  on  the  ramp  during  which  the 
pump  timer  operates.  This  combination  of  current  dependent  voltage  and  comparison 
rmnp  voltage  results  in  a  running  pump  time  which  Is  a  function  of  cell  output 
current.  Since  the  ramp  signal  is  not  perfectly  llneer,  calibration  under  cell 
conditions  was  necessary.  Calibration  was  made  with  5  and  15  amp  shunts  at 
currents  from  0.45  to  10.5  amps.  The  deviation  from  linearity  for  timer  on  versus 
X  of  shunt  used  was  found  to  average  less  than  IX.  But  If  operation  of  the  cell 
is  confined  to  a  given  current  density  than  essentially  a  perfect  match  between 
feed  control  and  coulomblc  cell  output  can  be  auide  from  the  calibration.  Of 
course,  suitable  allowances  have  to  be  made  for  chemical  losses.  The  calibration 
below  shows  that  the  coulomblc  timer  Is  on  51. 2X  of  the  tlM  at  lOOX  of  the  shunt 
reading  and  IX  of  the  time  at  saro  shunt  reading  or  no  current.  The  IX  at  aero 
shunt  reading  represents  the  trigger  level  point  with  no  superimposed  voltage  drop 
on  the  ramp  signal. 
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APPKHDIX  C-5  (COMT'D.^ 


lABIg  C-1 

COOLOHETRIC  TIMER  CALIBRATIOW 


Amps  to 
Shunt 

Shunt 

Scale 

Readlns 

Basic  Timer, 

1  of  Time  On 

%  Time  On, 
Deviation  From 
Mean  Llnearltv  Line 

5.0 

100 

51.2 

4.0 

80 

42.8 

0.0 

10.5 

70 

37.5 

0.1 

3.0 

60 

32.9 

0.5 

2.0 

40 

22.1 

0.8 

6.0 

40 

22.3 

1.0 

0.89 

17.8 

0.3 

0.45 

9.0 

5.6 

0.1 

0.0(Est.) 

0.0 

1.0 

0.0 

7.  A  standard  vacuum  tube  controlled  relay  abut  off  waa  provided  for 
opening  the  circuit  of  the  direct  current  source  and  shutting  off  the  fresh  feed 
pump  In  case  of  excessive  polarisation  at  the  methanol  electrode.  The  shut-off 
point  may  be  selected.  The  controller  was  hooked  In  parallel  across  the  610A 
Kelthley  Electrometer  measuring  the  methanol  voltage. 

8.  Standard  recycle  timers  were  used  In  series  connection  with  the 
current  flow  for  opening  the  circuit  at  fixed  Intervals  to  decrease  the  polarisa¬ 
tion  at  the  methanol  electrode.  The  circuit  was  opened  at  1  to  3  hour  Intervals 
for  10  to  15  seconds.  The  timers  hooked  In  tandem  are  manufactured  by  the 
Industrial  TlSMr  Corporation,  Hodels  ET  3H  and  BT  60S. 
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*  Elactrodu  •quarc  alupCi  82  ca?  In  unn. 

**  Hnthannlf  coanrcial  Vnlon  Carbidn.  %8<lb>  Bakar  "AnalTmd"  laagant,  96  wt  X. 


APPENDIX  C- 8 


EFFECT  OF  H^SO^  CONCENTRATION  ON  TOTAL  CELL  PBRF(»MANCE 
Platinized  Pt  Electrodes,  O.SMCH^OH,  82°C  ,  1  wt%  HNO^ 

2 

50  ma/cm 


HoSO 

Cone, 

wt7. 

Polarization.  Volts 

0.,  CH,OH 

Total  Cell  Voltase 

Excludina  IR 

With  0.5  Ohm  *  Cell 
Resistance 

10 

- ^ — 

- J - 

0.53 

... 

... 

20 

0.30 

.55 

0.36 

0.33 

30 

.26 

.56 

.39 

.36 

40 

.24 

.58 

.39 

.36 

50 

.22 

.61 

.38 

.35 

60 

.23 

.63 

.35 

.30 

100 

ma/cm^ 

10 

.55 

•  •• 

... 

20 

--- 

.56 

... 

... 

30 

.34 

.58 

.29 

.24 

40 

.33 

.60 

.28 

.23 

50 

.33 

.62 

.26 

.19 

60 

.44 

.65 

.12 

.02 

*  Experimentally  determined  In  complete  cell. 
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